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Preface 


In the face of growing global challenges such as water scarcity and environmental pollution, the quest 
for innovative and sustainable solutions has become more critical than ever before. The convergence 
of nanotechnology and biotechnology has opened up remarkable possibilities in addressing these 
complex issues. This book Nanobiohybrids for Advanced Wastewater Treatment and Energy Recovery 
delves into the fascinating realm where nanoscience and bioprocess engineering intersect to offer 
novel approaches for tackling two pressing concerns simultaneously: wastewater treatment and 
energy recovery. 

The pollution of water bodies, a consequence of industrialization and urbanization, poses a severe 
threat to ecosystems and human health. Concurrently, the escalating demand for energy in an era of 
depleting fossil fuel reserves necessitates exploring alternative avenues for energy generation. This 
book explores the synergy of cutting-edge nanomaterials and biological entities to craft transformative 
solutions that not only purify wastewater, but also harness their latent energy potential. 

In recent years, there has been a notable surge in the investigation of biohybrid and biomimetic 
systems inspired by photosynthesis. This approach aims to explore novel photon-to-fuel strategies 
resembling the process of photosynthesis, thereby advancing our understanding while also facilitating 
the practical utilization of solar energy. This heightened interest is fueled by the remarkable potential 
offered by photosynthesis-inspired biohybrids. These systems offer the unique prospect of combining 
the advantageous attributes of both natural and artificial photosynthetic systems. This is achieved 
by leveraging biologically evolved protein architectures to tackle synthetic challenges, alongside the 
integration of synthetic molecules to creatively explore and harness the mechanisms found in nature. 

The journey through the chapters of this book will unveil the intricate world of nanobiohybrids, 
where nanoparticles and biomolecules collaborate harmoniously. These hybrid systems leverage 
the unique properties of nanomaterials to enhance the efficiency of biological processes, offering 
unprecedented opportunities for pollutant removal and resource recovery. From fundamental 
principles to practical applications, readers will traverse the theoretical underpinnings, experimental 
methodologies, and real-world implementations of nanobiohybrids. 

Authored by experts and researchers at the forefront of nanotechnology, bioprocess engineering, 
and environmental science, this comprehensive volume aims to provide an authoritative resource 
for academics, researchers, industry professionals, and policymakers. Its pages will empower readers 
with knowledge about the latest advancements, challenges, and breakthroughs in the realm of 
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nanobiohybrids for wastewater treatment and energy recovery. Each contributed chapter is presented 
on a stand-alone basis, so that the reader will find it helpful to consider only the theme of each chapter. 
There are nevertheless many connections between what may at first seem to be quite different topics. 
As in all the books of the Integrated Environmental Technology series, it was one of our purposes 
to draw out and emphasize these interdisciplinary linkages. For this reason, a comprehensive index 
is included to facilitate cross-referencing. We hope that the work described in this book will inspire 
those working in the field and will encourage those who are beginning to investigate this field. 

We wish to thank all contributors to this book for their valuable contributions by sharing their 
expertise in the form of the various chapters included in the book. We also thank all past and present 
co-workers as well as all collaborators who joined in unravelling different areas of nanobiohybrids and 
their application in environmental technology as described in this book, especially those at National 
University Ireland Galway and UNESCO-IHE. We would also like to thank all the reviewers who 
put a lot of effort in improving the quality of this book. In addition, the national and international 
granting agencies who supported our work on various aspects of metal removal and recovery over 
the years are gratefully acknowledged, in particular the Science Foundation Ireland (SFI), who 
financially supported the open access publication of this book volume through the SFI Research 
Professorship Programme Innovative Energy Technologies for Biofuels, Bioenergy and a Sustainable 
Irish Bioeconomy (IETSBIO5; grant number 15/RP/2763). We are also grateful to the editorial team 
of IWA Publishing, in particular Mark Hammond, Andrew Peart and Katharine Allenby for their help 
and editorial support in realizing this book. 


Priyanka Uddandarao 
Piet N.L. Lens 
National University of Ireland Galway, Ireland 
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1.1 INTRODUCTION 


In an era where environmental sustainability and resource scarcity are becoming increasingly critical 
concerns, innovative approaches to wastewater treatment and energy recovery have gained significant 
attention. The convergence of nanotechnology and biotechnology has paved the way for revolutionary 
solutions that address these challenges in unprecedented ways. This book Nanobiohybrids for Advanced 
Wastewater Treatment and Energy Recovery delves into the fascinating realm of nanobiohybrids 
(NBs), offering a comprehensive exploration of their potential to reshape the landscape of wastewater 
management and energy harnessing. The book is divided into four parts, where Part 1 covers key concepts 
of microbial synthesis, water purification and energy storage. Part 2 encompasses utility of organic, 
inorganic and magnetic nanoparticles (NPs) as well as electroactive bacteria that constitute NBs. Further 
parts 5 and 4 deal with, respectively, environmental remediation and wastewater treatment using NBs. 


1.2 PROCESS FUNDAMENTALS 


Nanobiohybrid (NB) system design amalgamates the finest characteristics of biological systems with 
synthetic materials. This integration encompasses the spectrum of biosystems, ranging from individual 
biomacromolecules (such as enzymes) to intricate biological entities (such as living cells and plants) 
(Liang & Liang, 2025). The synergy of biosystems and synthetic materials significantly impacts the 
ultimate functionality of NBs. Until now, these NBs have been created and utilized across diverse 
applications, including biocatalysis (Liu et al., 2019; Shen et al., 2022). 

The journey into the world of NBs begins with a journey through the fundamental principles 
of nanotechnology and biotechnology. As we embark on this exploration, we will uncover the 
intricacies of nanomaterials and their novel applications in wastewater treatment. From NPs that 
act as efficient adsorbents to nanocomposites that catalyze degradation processes, these innovations 
have the potential to revolutionize pollutant removal (Manikandan et al., 2022). But the realm of 
NBs does not stop at wastewater treatment. It also dives into the realm of energy recovery, a crucial 
element of sustainability (Nasrollahzadeh et al., 2021). The principles of biophotovoltaics, microbial 
fuel cells, and enzyme-assisted systems will come to life as we explore how these innovations bridge 
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the gap between waste and energy. The integration of NBs into real-world applications presents both 
challenges and opportunities (Andriukonis et al., 2021; Teodor et al., 2020). 

This book is the result of collaborative efforts by experts from diverse fields, including 
nanotechnology, biotechnology, environmental science, and engineering. Their collective expertise 
shines through as they present the latest research findings, case studies, and practical insights that 
highlight the promise of NBs for advanced wastewater treatment and energy recovery. As you turn 
the pages of ‘Nanobiohybrids for Advanced Wastewater Treatment and Energy Recovery, prepare to 
embark on a journey that explores the fusion of tiny particles and living organisms - a journey that 
has the potential to redefine the boundaries of what is achievable in environmental stewardship. This 
book serves as a guide to understanding the transformative impact of NBs inviting readers to join the 
endeavor to build a cleaner, more sustainable future. 


1.3 BUILDING BLOCKS OF NBS 


To address a wide spectrum of pollutants, diverse water treatment technologies have been developed 
and implemented, both in experimental and real-world contexts. These technologies are typically 
categorized into primary processes (such as screening, filtration, centrifugation, separation, 
sedimentation, coagulation, and flocculation), secondary treatments (including aerobic and anaerobic 
methods), and tertiary methods (like distillation, crystallization, evaporation, solvent extraction, 
oxidation, precipitation, ion exchange, microfiltration, ultrafiltration, nanofiltration, reverse osmosis, 
adsorption, electrolysis, electrodialysis, and others) (Chaudhary et al., 2021; Yadav et al., 2022). 
Among these, only a handful have demonstrated the capability to effectively address water treatment 
challenges. Several techniques have proven to be energy-intensive and operationally complex, making 
them economically unfeasible on a commercial scale (Wicker et al., 2023). Although adsorption 
methods are straightforward and simple, their effectiveness in water purification remains inadequate. 

To begin with, NBs are a viable option for purifying water in cases where alternative chemical 
methods for transforming water pollutants are inapplicable. Additionally, this technology demonstrates 
exceptional efficacy in breaking down aromatic water pollutants containing benzene rings, a capability 
that surpasses even photocatalysis. Moreover, the NBs can be reclaimed and reused multiple times 
(Chen et al., 2020; Daliran et al., 2022), resulting in an economically feasible approach. Notably, 
the technique finds utility in industrial settings, generating commercially significant compounds by 
mitigating organic pollutants in wastewater. Part 2 majorly addresses utility of NBs for wastewater 
treatment and energy recovery for organic (Chapter 5), inorganic (Chapter 6) and magnetic (Chapter 7) 
NPs as well as electroactive microbes (Chapter 8). 


1.4 ENVIRONMENTAL REMEDIATION 


Bioremediation has garnered significant interest as a technique that employs biological agents 
to eliminate hazardous waste from polluted soil. This method is user-friendly, cost-effective, 
and environmentally conscious, yielding highly satisfactory outcomes (Chaudhary et al., 2021). 
Bioremediation involves biodegradation wherein organic pollutants undergo full mineralization 
into inorganic compounds, carbon dioxide, and water. The common pollutants include toxic organic 
compounds like aliphatic and aromatic compounds (Yadav & Chauhan, 2022). 

Consequently, there is a growing interest among individuals to explore sustainable methods of 
microbial bioremediation, aiming to rehabilitate polluted environments. Benzene, toluene, and xylene 
(BTX) represent volatile aromatic compounds widely used in industries, yet their environmental 
release poses serious hazards. To address this concern, the degradation of BTX using a combination 
of Aspergillus niger cells and ZnS NPs (Figure 1.1) was investigated (Uddandarao & Lens, 2022b). 
Remarkably, complete degradation of BTX was accomplished within 75 min and 60 min, by NBs 
composed of chemical and biological ZnS NPs, respectively (Uddandarao & Lens, 20222). 
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Figure 1.1 Images depicting (a) Aspergillus niger pellets and (b) after 4 h, a change in the color of the Aspergillus 
niger hyphae from white to slight yellow was observed due to the formation of Aspergillus niger-ZnS NBs. (Source: 
Uddandarao & Lens 20222). 


The future of groundwater remediation seems to lie in the fusion of nanoremediation with other 
remediation technologies, promoting sustainable and environmentally friendly practices. Leveraging 
nitrogen-fixing hydrocarbon-degrading bacteria presents another avenue to enhance bioremediation 
efficiency. This approach involves combining these bacteria with magnetic NPs, creating a synergistic 
assembly that amplifies the bioremediation process (Safonov ef al., 2018). This approach can be 
extended to address various organic pollutants, including chlorinated pesticides, polycyclic aromatic 
hydrocarbons, chlorinated hydrocarbons, and polychlorinated biphenyls, all of which commonly 
accumulate in groundwater (Cao et al., 2020). Lastly, the amalgamation of NPs with oil-degrading 
bacteria showcases potential to elevate the efficiency of oil spill cleanup (Alabresm et al., 2018). Part 5 
deals with detection of a variety of pollutants in the environment's water sources (Chapter 9) and 
capability of NBs to address environmental pollution (Chapter 10). 


1.5 WASTEWATER TREATMENT 


One notable instance involves the creation of nano bacteria-hybrids using bacteria that engage in 
photosynthesis. These hybrids are capable of harnessing solar energy to generate acetic acid from CO,. 
More recently, NBs have found application across a wide array of fields, spanning catalysis, energy 
storage, and electronics (Tao et al., 2022). Efforts have been undertaken to create bacterial cells 
through the assembly of NBs. The integration of semiconductor ZnS NPs with microbial Aspergillus 
niger cells (Figure 1.2) significantly enhanced the removal of the dye methyl orange with 97.5% and 
98% removal achieved within 90 and 60 min, respectively, for chemically and biologically synthesized 
ZnS NBs (Uddandarao & Lens, 2022b). 

This hybrid system effectively overcomes the constraints seen in biological systems, such as their 
inefficiency in converting light and the expensive requirements for carbon and electron sources to 
support cell growth and maintenance. It also addresses the limitations of inorganic photocatalysis, 
which include poor selectivity and the tendency for photocatalytic materials to corrode under the 
influence of light during operation (Sakimoto et al., 2016). These hybrid systems carry out specific multi- 
enzyme cascade biocatalysis. They have the ability to adapt to a broad spectrum of light absorption, 
and a high degree of efficiency in utilizing light (Zuo et al., 2021). The design and assessment of an 
airlift reactor featuring a polymer-based photocatalytic film, specifically tailored for the photocatalytic 
degradation of synthetic dye-containing wastewater has been developed (Das & Mahalingam, 2020; 


Nanobiohybrids for Advanced Wastewater Treatment and Energy Recovery 


'(ezzoz SUPT % oe1epueppn :82Jnos) 'sisA[e3e2o3oud Dag? 
sso2oJd e Aq syueinjod orues40 epeJ8ep ued saw SUZ-||99 JASIU enz gd eu JEU} S! 1294J8 ||[E49^0 oU "pueq e»ue[eA Əy} ul pulueq Ya] 9Je sə|ou 
əy} oU, ‘PUG uononpuoo əy} 01 Diva ue suoJ29Je au 'siied ejou-uo429Je e1e1eues8 pue AS loug SI Əy} q1osqe SdN SUZ aui "LUS o) pesodxe 
ade SGN SUZ-S||99 JASIU SNI[ISIBASY BU} UBUM SEN SUZ-||99 JASIU snjjJi&jedsy utu usiueuoeui sisAje3e2030ud eui Sunoidep uonensni CL BNI 


sajoqeyaw Arepuodas/sawAzu3 
leq P / jno uaaal ase syjusauoduio» Sutuieuuəs 


uə8ouxyu pue 
uoqae2 sounsuo) 


siuəuoduuiop 
Jəl||etus 03u; pəpe;3əq 


/ sfoen'N™H"'5 d 

/ a8ue10 AAW 1050349 N 
Í ° ° sisAjooAqo \ 
| ° ° Banig ` ge — əsoyn|o | 

\ o J 

x , / 

-HO + HO. totH+.ə <. 
*o*H " 


am e 
HZ + “O + af Get 6,90 n ° * =: 
4o to + 2 P4 - 
HO. -HO * .H P e ) t sopnaedoueN A 3soonio 


S'OeN'N''u*'5 
+H+HO. *— —— — O'H*.H 28ue:0 AAW ssas 1434 0) anp 
«H+ *———— ^u-suz p21eJauo8 sje»ipeJ HO 
320n0$ 1481] v-An eipaui je|njjo2ea1x3 
syonpoid papeudeg HO. + sjue3njjod Juel 
HO. ^u 
(e) 
NIST ms [4 [4 [4 9eytt 
099 + šHZT O*H9 + OH 


*oz/t + *H *— OH 


-ƏZ +HZ + *oz/t OH 
-ƏtZ HPZ + “099 OČH9 + OTH 
*H -ƏZ +.HZ 


Introduction to wastewater treatment and energy recovery 7 


Vasiljević et al., 2021). Part 4 focuses on pollution control (Chapter 11) and photoelectrocatalysis 
(Chapter 12). 
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ABSTRACT 


Systematic and organized handling of pre-existing and ever-emerging pollutants, which are continuously 
contaminating the freshwater resources and causing severe problems in aquatic bodies, aerial environments, and 
earthbound flora and fauna, is an absolute must. These pollutants contribute to one of the major global problems 
of scarcity of pristine water for daily use. In the last decades, different types of water cleaning and purification 
techniques have been embraced to address the issue. Traditional and standard water purification techniques have 
several shortcomings, like high time consumption, expensive operation and maintenance, and lower affinity with 
low efficiency toward newly emerging micropollutants. The circumstances demand that we adopt and develop a 
relatively new purification approach through 'nanobiohybrids.' Though for a long time, nanomaterials, nanohybrids, 
and enzymes have previously been used for water treatment, each of these materials has its unique challenges. 
Advance oxidation processes, production of toxic intermediates, lesser selectiveness and sensitivity toward 
dilute solutions, catalyst leaching and for enzymes shorter shelf life, extreme sensitiveness toward mechanical 
stress, and separation difficulties for reuse are some major problems. Now, the combination of nanomaterials with 
biomolecules (especially enzymes), known as ‘nanobiohybrids,’ is a powerful combination that holds the potential 
to overcome the abovementioned issues due to their synergistic properties. In the synthesis of nanobiohybrids, 
carbon nanotubes or graphene oxide, offer an excellent support matrix for enzymes, and play a significant role. This 
chapter discusses the background of nanobiohybrids, their recent development as a favorite candidate for novel 
water purification techniques, and their future. 
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2.1 INTRODUCTION 


According to the United Nations report, with an increasing rate of over 0.84% per year, the world's 
population in the next 50 years is expected to increase by 2 billion (World Population Growth Rate 
1950-2023 | MacroTrends). That means by 2050, it is estimated that there will be around 9.7 billion 
people in the world, and further, the world population will peak at 10.4 billion by 2080 (18 Surprising 
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Projections About the Future of Water | Seametrics). This information implies a great threat of 
freshwater scarcity to humankind. According to UNICEF, with our current water usage policies, at 
least two-thirds of the world's population is forced to experience severe water scarcity for at least a 
month each year (Water scarcity | UNICEF). Currently, at least 2 billion people are living in places 
where the water supply is inadequate for day-to-day livelihood. By 2025, around 1.8 billion people 
worldwide will live in areas tormented by extreme water scarcity (Das et al., 2015). Not only that, 
but with around 1 billion additional mouths to feed by that time, worldwide agriculture will need 1 
trillion cubic meters of water per year, which is comparable to 20 times the annual water flown in the 
great Nile River (18 Surprising Projections About the Future of Water | Seametrics). One UN study 
projected that around 2025 an estimated as low as 50 countries would globally undergo an extreme 
water crisis (Wheeler, 2012). Lack of sufficient water supply will force around 700 million people to 
be displaced by 2050. Another study predicts the global middle class will reach 4.9 billion by 2050, 
resulting in a significant increase in freshwater consumption. According to the International Energy 
Agency, by 2055, global energy consumption will increase by 35%, causing a 15% increase in water 
usage (Rodríguez & Sohns, 2014). By 2040 there will not be enough fresh water to quench the thirst 
globally, or enough water to keep the balance between energy generation and power supply. In 2050, 
it is predicted that around five times the earth's total land will be highly drought-prone compared 
to today. 

These reports are quite paradoxical as the water covers 75% of the earth’s surface. Interestingly, 
2.5% of this is available as freshwater; two-thirds is locked up in glaciers and icecaps or present as 
permanent snow, making them impossible to be available for humans (Das, 2017). In addition to that, 
out of this accessible freshwater, 99% is available as underground water in aquifers. Some of these 
sources are non-replenishable, and some are renewable. On the contrary, the prediction of rising sea 
levels around 0.25-0.40 m by 2025 will cause salt waters to naturally protrude into the estuaries to 
increase the salinity of fresh river waters, further creating problems (Nicholls, 2002). The limited 
groundwater is slurped up by humans quickly with the growing population. So there is no wonder 
that the aforementioned facts will soon become prominent problems in human society. To overcome 
these scary problems appropriate water policies are needed. Overuse and needless exploitation of 
freshwater should be stopped, along with proper water treatment policies have to be implemented 
strongly to clean the different discharged polluted water and reuse them for different purposes other 
than drinking. 

Several purifying techniques are available but no traditional technique is potent enough to handle 
every kind of polluted water. After implementing nanomaterials in water purification, significant 
improvements in efficiency and reaction time have been observed. Though there are some crucial 
drawbacks, like thermal instability, pollutant precipitation, and agglomeration of nanoparticles 
during the purification process. On the other hand, enzymes are highly efficient and can increase 
the reaction rate up to 1019 times. So because of their sustainable nature, eco-friendliness, cost- 
effectiveness, and low concentration use in any reaction makes them a perfect candidate to use 
as catalysts in the catalytic process of water purification. However, enzymes are also not perfect, 
and their application can often be limited by factors such as low stability, a shorter shelf life, and a 
lack of reusability. Materials that possess stability and performance similar to previously employed 
nanostructures for water purification, and exhibiting reaction rates and sustainability comparable 
to enzymes, have the potential to effectively address all types of water pollutants. These types of 
materials could be an effective alternative that may replace the available traditional water cleaning 
technologies. The idea of ‘nanobiohybrids’ (NBIOH) combines these two most powerful and novel 
technologies for purifying contaminated water. To generate NBIOH, immobilization of enzymes is 
essential, and for this a biocompatible molecular matrix like carbon nanotube (CNT) and graphene 
oxide (GO) is necessary. This chapter discusses the problems associated with conventional water 
purification techniques and how NBIOH can be implemented for water treatment along with their 
future potency as novel purification technique. 
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2.2 ROOT CAUSE BEHIND CONTINUOUS FRESHWATER SHRINKING 


Illegal industrialization, ruthless deforestation, and unplanned urbanization are the main contributing 
factors to the consistent pollution of freshwater resources. The discharge of persistent pollutants to 
water bodies through point and nonpoint sources leads to a decrease in the availability of clean 
and safe water globally. The pollutants are comprising different types of inorganic species (arsenic, 
cobalt, cadmium, copper, chromium, selenium, and various other metals); organic compounds 
(various coloring agents, azo, non-azo dyes, pesticides, herbicides, fertilizers, and hydrocarbons); gas 
fumes (carbon monoxides, carbon dioxide, sulfur dioxide, nitric oxide, nitrous oxide, and nitrogen 
dioxides); and various biologically derived contaminants (viruses, bacteria, and fungi). These have 
been constantly defiling the clean water. Among all contaminants which are responsible for the 
dwindling of freshwater, phenolic water pollutants are the most notorious to deal with because of 
their wide availability, persistence, and bactericidal effects (Girelli et al., 2006; Kolaczkowski et al., 
1997). These phenolic pollutants can be readily attached to natural and anthropogenic sources, 
causing rapid contamination in freshwater. For example, protocatechuic acid or 5,4-dihydroxybenzoic 
acid (5,4-DHBA), is an important pernicious phenolic water pollutant that can be largely traced in 
food processing wastewater effluents (Rivas et al., 2005), especially in processing of olives in olive 
oil factories (Poulios et al., 1999). Also various plant species secrete this chemical into water (Babich 
et al., 2002). It is found that the concentration of 5,4-DHBA can be calculated as polyphenolic group, 
which is around 4-10 mg/L in the discharged wastewater of an olive oil mill (Hamdi, 1992). Therefore, 
effective and inexpensive regulatory tools should be developed to control the quantity of 3,4-DHBA 
and other commonly available toxic contaminants in public sewage systems. 


2.3 METHODICAL HANDLING OF WATER POLLUTION 


2.3.1 Treatment technologies 

Over the years, different water treatment and purification techniques have been developed and adopted 
to tackle the variety of water pollutants. These technologies can be broadly classified into three 
segments. The first one is primary processes which include basic filtration, screening, sedimentation, 
coagulation, flocculation, and centrifugal separation. Secondary processes are often performed with 
aerobic and anaerobic treatments. Finally, tertiary processes involve complex purification techniques 
like crystallization, evaporation, distillation, solvent extraction, precipitation, ion-exchange method, 
oxidation, adsorption, microfiltration (MIF), ultrafiltration (ULF), nanofiltration (NAF), reverse 
osmosis (RO), electrolysis and electrodialysis (Gupta et al., 2012). 


2.3.2 Major drawbacks of current water purification techniques 

No single technique is flawless or a complete solution for different types of water pollution. Often a 
combination of multiple processes is used to purify different types of contaminated water. Also very 
few have the capability of solving the water purification issue. Some methods are not commercially 
viable because of their high energy consumption and intensive operational issues (Das et al., 2014). 
For example, the adsorption technique often used in water purification is easy and straightforward, 
though their water purification ability is unsatisfactory (Yang et al., 2013). Figure 2.1 indicates some 
major shortcomings in water purification technologies that are currently available. The picture 
signifies that the water treatment process is a complex phenomenon and no single purifying technique 
is reliable enough to clean the water completely. The classical techniques available for water treatment 
become less sensitive as these methods are heavily dependent on the qualities of influent water, 
like temperature, pH, and turbidity. Thus, current technologies have to compromise with some of 
the water pollutants to let them pass through during the purification, which ultimately results in 
partially polluted water despite of purification. Excessive, unplanned urbanization and increasing 
industrialization also contribute to the introduction of a continually growing number of anthropogenic 
micropollutants. These pollutants ultimately find their way into water treatment plants and cannot be 
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effectively removed using our current technologies. Also, most effective purification techniques either 
have higher operating and maintenance costs or consume high amounts of energy. This results in the 
shrinking of effective technologies in developing countries (Upadhyayula et al., 2009). 


2.4 NANOBIOHYBRID (NBIOH) CATALYST IN WATER PURIFICATION 


2.4.1 Use of nanoparticles in water purification and their problems 

The advancement of nanoscience and technology has given immense opportunities to purify water 
even at ionic state. Different nanomaterials with different structures, like fullerenes, nanowires, 
zeolites, and nanofibers have been fabricated in such a way that these have a very high surface- 
to-volume ratio, tunable pore volume, and high reactivity so that these can take part in different 
electrostatic, hydrophobic, and hydrophilic interactions. These characteristics of nanomaterials make 
them very useful in adsorption, catalysis, sensing, and the mitigation of various water pollutants. 
TiO, nanoparticles have been utilized in the redox reactions transforming micropollutants (Kamat & 
Meisel, 2005). Photocatalytic nano-TiO, is used as a detoxifier for phenolic recalcitrant compounds 
and odorous chemicals (Canela & Jardim, 2008; San et al., 2001). Silver, gold, iron, nanoparticles, 
and their oxides have been widely used in water purification. To remove inorganic heavy metals from 
waste waters, gold and iron nanoparticles have been frequently used (Khin et al., 2012). Most of the 
nanomaterials improve salt rejection and avoid macrovoid formation (Goh et al., 2013). CNTs have 
been used to make composites of RO, ULF, NAF, and MIF membranes, which enhance salt retention 
ability, curtails costs, land area, and energy for brackish and seawater desalination (Das et al., 2014). 
Zeolite is a potent nanomaterial for water purification and has been mixed with a polymer matrix to 
form a thin film RO membrane (Fathizadeh et al., 2011). Silica nanoparticles have been used in water 
desalination by doping into RO polymer matrices (Jadav & Singh, 2009). It improves pore diameters 
and networks in the polymer, which enhances the transport properties. Silver nanoparticles have 
been used as disinfecting agents for biological pollutants like bacteria, viruses, and fungi (Khin 
et al., 2012). 

Although several nanomaterials have been successfully utilized in water purification (Khin 
et al., 2012), each has its own limitations. Some significant drawbacks include thermal instability, 
high-pressure requirements, fouling, pollutant precipitation, pore-clogging, low water influx, slower 
reaction rate, toxic intermediates, and aggregation on storage (Dai et al., 2011). Low reusability and 
unknown risks to ecosystems are also major concerns (Khin et al., 2012). There are other problems 
too, such as the unavailability of sufficient data on long-time operations, instability, and scalability that 
must be resolved before commercialization (Goh et al., 2013). These drawbacks can be overcome by 
synthesizing and manipulating the nanomaterials in a manner that maximizes their surface reactivity, 
selectivity, and sensitivity toward a wide range of water pollutants. Therefore, proper fabrication 
and functionalization strategies are needed to produce these nano-structured materials for water 
purification processes. 


2.4.2 Enzymes in water purification and their problems 

With time, complex wastewater pollutants have emerged. The demand and the cost for specialized 
chemicals to purify these contaminants have also significantly increased. The circumstances set a 
perfect plot to introduce enzyme biocatalysts in water purification. Enzymes are crucial to reduce 
the generation of solid chemical wastes (Khin et al., 2012; Xu et al., 2013), since they are highly 
specific and efficient (Nelson et al., 2008). Enzymes are an effective green catalyst and proteinacious 
in nature that are even active in milder reaction conditions. They have a broad substrate range, can 
operate across various pH and temperature ranges, exhibit low reaction times with no by-products, 
can function in harsh conditions, and are more eco-friendly compared to other physical and chemical 
treatments (Khin et al., 2012). Though there are some disadvantages too. Free enzymes have poor 
stability and high sensitivity toward mechanical stresses (Brena et al., 2013). 
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Various supports (Feng & Ji, 2011) are often used to immobilize enzymes to improve stability and 
reusability. For example, enzymes immobilized on mesoporous activated carbon (AC), graphene, and 
multi-wall carbon nanotube (MWCNT) have shown that the maximum loading capacity of the lipase 
enzyme was 3.69, 8.63 and 145 lg/mg of support, respectively (Ramani et al., 2012; Tan et al., 2012; 
Zhang et al., 2014). The result clearly shows that the enzyme's effective loading is increasing in the order 
of MWCNT > graphene > AC which have good catalytic activity, higher mechanical stability, broad pH 
and temperature ranges compared with free enzymes (Brena et al., 2015; Feng & Ji, 2011). In addition, 
to decrease its costs, enzyme catalyst recovery is necessary for multiple uses, which could only be 
possible upon immobilization rather than enzymes present in free state (Subrizi et al., 2014). Therefore, 
the method is stable and commercially viable for developing novel water purification technology. 

There are various reports available on the immobilization of enzymes, including tyrosinase (Subrizi 
et al., 2014), horseradish peroxidase (HRP) (Lee et al., 2006), laccase (Liu et al., 2006), glucose oxidase 
(Feng & Ji, 2011; Guiseppi-Elie et al., 2002), onto a carbon nanotube (CNT) matrix. But, these hybrid 
materials have only been used for sensing and detecting the permissible and non-permissible levels of 
water pollutants rather than eliminating them from the complex wastewater matrices. A few studies 
have shown effective degradation of various water pollutants using immobilized enzyme catalysts 
onto different supports (Dai et al., 2011; Guiseppi-Elie et al., 2002; Guzik et al., 2014). Therefore, there 
is room for developing and optimizing a ‘nanobiohybrid’ catalyst, which could serve as a novel water 
purification technology suited for attenuating wastewater pollutants in the near future. 


2.4.3 Use of NBIOH catalyst for water purification 

2.4.3.1 Capacity of NBIOH to treat water 

Among all available support matrixes to immobilize enzymes for water purification, CNT is the 
best. Single-wall carbon nanotubes (SWCNTSs) as well as MWCNTs have also been utilized to attach 
enzymes for the purpose of decontaminating water. NBIOH have some important advantages 
over commonly used water purification processes like the chemical oxidation of water pollutants. 
First, it can be applicable to the decontamination process of wastewater, where no other chemical 
transformation of water pollutants is possible. Second, these catalysts show excellent efficiency toward 
disintegrating the electron resonance in the benzene ring containing aromatic water pollutants in 
contrast to photocatalysis. Third, recoverable NBIOH catalysts can be reused multiple times, making 
it a commercially viable process. Fourth, it can be utilized in the industry to produce commercially 
important compounds, which have been produced by mitigating organic wastewater contaminants. 
Finally, these nanohybrids can play three primary functions with very high sensitivity and selectivity 
in water purification: (1) binding and pre-concentration of the pollutants, (2) removal and degradation 
of pollutants (see Chapters 5-8), and (5) sensing as well as monitoring the pollutants in water (see 
Chapter 9). The concise information about various NBIOH systems for water purification has been 
presented in tabular form in Table 2.1. 

Laccase was immobilized onto MWCNT and then utilized to treat water containing 2,2’-azino- 
bis-(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt (ABTS), bisphenol, and catechol (Suma 
et al., 2012). The system successfully performed the catalysis. In this process, it was observed that 
enzyme loading was highest for O-MWCNT while it was lowest for Con The interesting aspect of this 
process is that no obvious structural changes were observed after enzyme immobilization (Pang et al., 
2015). Another system, a combination of SWCNTs with horseradish peroxidase (HPR) and n-dodecyl8- 
D-maltoside (DM) and concanavalin A (Con-A) was used to remove dibenzothiophene (DBT) from 
wastewater. A DBT removal rate of 66.46 and 94.65% for SWCNT-HRP and SWCNT-DM-Con 
A-HRP catalysts, respectively, was observed (Li et al., 2015). Hydroxyquinol 1,2 dioxygenase (HQD) 
immobilized in SWCNT successfully removed catechol with a wide range of pH and temperature 
(Suma et al., 2012). To remove phenol derivatives from wastewater, MWCNTs-tyrosinase NBIOH 
was used. These can selectively oxidize phenol and its derivatives and showed the highest stability 
(Subrizi et aL, 2014). Another bionanohybrid system, soybean peroxidase (SBP) immobilized into 
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MWCNT, exhibits an excellent removal efficiency toward p-cresol and retained 40-60% activity as 
well as stability after multiple use (Asuri et al., 2006). Crude enzymes incorporated into SWCNT and 
MWCNT were used in water purification to remove aniline successfully from contaminated water. 
It was observed that enzyme adsorption increased on MWCNTs compared to SWCNTSs, while the 
effective removal of aniline was higher on SWCNTs enzyme compared to MWCNTs enzyme. This 
indicates that the reaction between aniline and enzymes is favorable on the surface of SWCNTS. It 
plays a vital role in the rapid enzymatic biodegradation of aniline (Yan et al., 2011). Super magnetic 
FeCO, nanorods combined with lipase were efficiently used to remove bisphenol-A (Benavente ef al., 
2018). Othman et al. (2016) showed that MWCNT-laccase NBIOH can help to decolorize dyes. 
GO-HPR nanobiohybrids can successfully remove phenolic compounds (Zhang et al., 2010). Another 
study showed that the organic-inorganic nanocomposites-laccase system is helpful in the removal of 
dichlorophenol. Protocatechuate 3,4-dioxygenase, or simply 3,4-POD, attached to CNT, has also been 
successful in removing 5,4-DHBA (Das, 2017). 


2.4.3.2 Problems associated with nanobiohybrid 

Pristine CNTs are often contaminated with metal catalysts, ash, and carbonaceous agents and 
often act as additional adsorbent sites toward the water pollutants. Nanotube's pore diameters and 
morphology are determined by its impurities. The impurities could influence or inhibit adsorption 
behavior (Agnihotri ef al., 2006). In catalysis, metal and amorphous carbon impurities can affect 
the observed catalytic behaviors and mislead total electrocatalytic activity (Banks et al., 2006). 
Furthermore, CNT impurities could have several detrimental effects on enzyme immobilization. First, 
non-nanotube carbon materials can inhibit the maximum immobilization efficiency. Second, metals 
in pristine CNTs can affect the immobilized enzyme’s reaction rates. 

Moreover, different CNT geometries and impurities could complicate the procedures and 
compromise CNT performance in sensor devices. Separating metallic from semiconducting CNTs has 
remained a challenging job because of their complex carbon networks. Synthesis of homogenous CNTs 
with perfect geometry for high power density is also appreciable for upgrading this technology. One 
pot combination of CNTs with classical electrochemical techniques could be a nice electrical device 
for water pollution control. It would increase the overall catalysis rate and has fast mass transport and 
good control over the classical current flow in small geometry. 


2.5 CONCLUSION 


In the field of water purification, catalysts are the main workhorse. Working of a catalyst in water 
purification is performed by three main processes: (1) photocatalysis, (2) catalytic wet air oxidation, 
and (3) biocatalysis. Although an immense progress has been noticed in the field of the former two 
processes, biocatalysis has remained insufficiently discovered in the field of water purification. 
Enzymes are effective green biocatalysts with high reactivity, which has several quintessential 
properties, like multi-substrate specificity, high sensitivity, active in milder reaction conditions, 
wide pH, and temperature ranges, low reaction times, less by-product formation, and eco-friendly. 
However, enzymes in their free state are not stable and are highly sensitive to mechanical stresses. To 
improve their stability and reusability, enzymes if immobilized onto various supports can overcome 
the aforementioned obstacles. Conventional water purification technologies have some major 
demerits when newly emerging micropollutants are present in contaminated water. To overcome 
these issues, a novel approach toward water purification has emerged. This chapter shows a novel 
catalyst synthesized with nanomaterials and enzymes, which is a nanobiohybrid catalyst that can 
be successfully used in water purification. Different enzyme-immobilized nanomaterials and their 
applications in decontamination processes have been discussed. As of today, it can be observed that 
SWCNT and MWCNT-based nanobiohybrids are dominating in this field. Though ample reports 
are available for nanobiohybrids for detection and sensing purposes, there are few reports available 
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Table 2.1 Different NBIOH systems for water purification. 
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Nanomaterials Enzyme Water Pollutant Observations References 
MWCNTs- Laccase ABTS, bisphenol * Enzyme loading capacity was Pang et al. 
Laccase and catechol highest for O-MWCNTs and (2015) 
lowest for Ceo 
* No obvious structural change 
of enzyme observed after 
immobilization 
SWCNTs-HRP HPR, DM Dibenzothiophene + Increased enzyme loading with Li et al. (2013) 
SWCNT-DM- (DBT) high specific activity triggered 
Con A- HRP efficient DBT degradation 
+ DBT removal rate: 66.46 and 
94.65% for SWCNT-HRP and 
SWCNT-DM-Con A-HRP 
catalysts, respectively 
SWCNTs-—1,2 HQD Catechol Removed catechol with wide pH Suma et al. 
HQD and temperature ranges (2012) 
MWCNTs- Tyrosinase Phenol derivatives Selectively oxidized phenol and its — Subrizi et al. 
tyrosinase derivatives with high stability of (2014) 
the catalyst 
MWCNTs-SBP SBP p-Cresol * Nanobiohybrid retained 40- Asuri et al. 
60% activity after multiple uses (2006) 
* Highly stable and reusable 
than free enzyme in removing 
p-cresol 
SWCNT, Crude Aniline e Enzymes adsorption increased Yan et al. (2011) 
MWCNT, enzyme in MWCNTSs than SWCNTs 
SWCNTs- * Effective aniline removal 
crude enzyme, observed in SWCNTs enzyme 
MWCNTs-crude compared with 
enzyme e MWCNTs enzyme indicated 
efficient reaction between 
aniline and enzymes on the 
surface of SWCNTs. This 
played a key role in the rapid 
enzymatic biodegradation of 
aniline 
Super magnetic Candida Bisphenol-A Efficiently removed toxic Benavente et al. 
FeCO, antartica bisphenol-A (2018) 
nanorod-lipase B lipase 
(CAL-B) 
MWCNT-laccase Laccase Dye Dye decolorization Othman ef al. 
(2016) 
GO-HPR HPR Phenolic Removed phenolic compound Zhang et al. 
compound (2010) 
Organic- Laccase Dichlorophenol Dichlorophenol removal Qiu et al. (2019) 
inorganic 
nanocomposites- 
laccase 


MWCNT: multi-wall carbon nanotube; SWCNT: single-wall carbon nanotube; HPR: horseradish peroxidase; DM: n-dodecyl 3-D- 
maltoside; HQD: hydroxyquinol 1,2 dioxygenase; SBP: soybean peroxidase. 
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regarding the purifying techniques for polluted water using nanobiohybrids. There is vast scope 
to explore these novel water purification techniques with ‘nanobiohybrids’ as catalysts to bring a 
sustainable world in the near future. 
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ABSTRACT 


With the advancement in science and technology, the demand for nanotechnology has increased significantly in 
terms of research and developing strategies for their manufacturing. Nanotechnology is an interdisciplinary field 
of science where the size of the material is designed such that at least one of its dimensions is in this nanometer 
(nm) range. It combines various disciplines of biology, chemistry, physics and material science. The exceptional 
size-dependent fluorescence and quantum confinement properties of nanomaterials have allured their utility 
in diverse sectors. They are potential tools for various photocatalytic devices. Photocatalysis is an advanced 
oxidation process driven by a light source and is a promising technology for degradation of hazardous chemical 
compounds in water. The vast literature indicates that the methods followed for synthesis of nanoparticles 
are mostly chemically based approaches and the produced nanoparticles properties depend on the reaction 
conditions. On the other hand, use of microbial sources for biosynthesis of nanoparticles is an ecofriendly and 
cost-effective strategy for nanomaterials. In this perspective, this chapter presents an overview of synthesis of 
nanomaterials by plants, bacteria, fungi and algal sources and their role in photocatalysis. Furthermore, some 
of the latest advances in these technologies are highlighted and an outlook at the major challenges for further 
developments is provided. 


Keywords: algae, bacteria, fungi, nanomaterials, plants, photocatalysis, photobioreactor 


3.1 INTRODUCTION 


With the development of society, various industries are being setup to captivate human needs. In 
this scenario, various persistent organic pollutants are discharged into the environment harming the 
ecosystems (Cabral et al., 2019; des Ligneris et al., 2018; Rajaram & Das, 2008; Samanta et al., 2019). 
The persistence of these pollutants in the environment is a serious concern due to their long-range 
transport ability to bio-magnify and bio-accumulate in ecosystems (Islam et al., 2018; Yu et al., 2018). 
These significant amounts of wastewaters are discharged into the water bodies directly or indirectly 
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from various industries, which include pharmaceuticals, personal care products, endocrine disruptors, 
pesticides, detergents, organic dyes and common industrial organic wastes (Alharbi et al., 2018; Han & 
Currell, 2017; Olatunji, 2019). The increase in the production, use and disposal of numerous chemicals 
frequently employed in medicine, industry, agriculture and households has led to an uncontrolled 
discharge of these substances into the aquatic compartments, even at trace concentrations, that is, 
ng/L-yug/L (Griffero et al., 2019; Murgolo et al., 2021; Rasheed et al., 2020). Although various methods 
have been developed for degrading these pollutants, they encounter various limitations because of their 
complex and stable chemical structures, making them resistive toward traditional treatment techniques 
(Crini, 2005; Heng et al., 2021; Kannan et al., 2020; Singh & Arora, 2011). 

The common treatment methods include biological treatment techniques, coagulation/ 
precipitation, Fenton oxidation technology and photocatalytic oxidation technology. Among them, 
photocatalysis is a promising technology for degradation and inactivation of hazardous chemical 
compounds (Han et al., 2015; Saharan et al., 2015). Photocatalysis falls in the category of advanced 
oxidation processes. They can be driven by different light sources such as light-emitting diodes, 
ultraviolet, visible or sunlight. The mechanism of photocatalysis relies on the formation of reactive 
oxygen species, activated by a light source, leaving holes in the valence band as they tend to move 
from the valence band to the conduction band forming electron-hole pairs and inducing a series 
of chemical reactions. These reactions form free radicals (OH) and are capable of undergoing 
secondary reactions where the electrons can be absorbed by oxygen to form superoxide or they can 
react with oxygen along with hydrogen to create hydrogen peroxide. Subsequently, these reactants 
help in the degradation of the pollutants (Bajorowicz et al., 2018; Koe et al., 2020; Murgolo et al., 
2021; Soleimani et al., 2021). 

The amalgamation of nanotechnology helps in enhancing the degradation process. The 
nanoparticles possess quantum confinement properties and have a large surface area-to-volume ratio 
(Bajorowicz et al., 2018; Xue et al., 2012; Yanhong et al., 2004). These nanoparticles show a diverse 
behavior in their electronic, optical and magnetic properties by size tuning. When the size of the 
material reduces to the atomic level, they tend to breakdown into discrete levels and the size of the 
nanoparticle is a function of the band gap of the material (Fernández-García et al., 2004; Hodes, 
2007). With the advent of nanobiotechnology, microbial synthesis of nanoparticles has become a 
green chemistry approach, which is environmentally viable and economically feasible. Therefore, 
biologically driven processes have gained importance in the synthesis of nanoparticles, the natural 
sources comprise of plants, bacteria, fungi and algae (Das et al., 2017; Gahlawat & Choudhury, 2019; 
Thakkar et al., 2010). This chapter discusses (1) the biological synthesis of nanoparticles by various 
biological sources, (2) approaches based on photocatalysis and (3) challenges encountered in the 
application of nanomaterials. 


3.2 GREEN SYNTHESIS OF NANOPARTICLES 


The variability of nanofactory systems requires standardization protocols to obtain nanomaterials 
with increasingly uniform and reproducible physical-chemical characteristics (Grasso et al., 2020). 
In some cases, green synthesis of the nanoparticles involves the use of biological entities for the 
chemically synthesized nanoparticles (Khatami et al., 2018; Nadeem et al., 2018; Shah et al., 2015). 
This includes the use of biological agents as capping agents to attain stability, use of amino acids/ 
biomolecules or polysaccharides as reducing agents for chemical synthesis Saratale et al. (2018). 
Stabilization of nanomaterials is important because, as explained by the classical theory of the 
stability of colloids, the balance between two opposing forces: electrostatic repulsion and van der 
Waals attraction. In most of the systems during synthesis of nanoparticles they tend to agglomerate 
as the van der Waals force of attraction becomes significant when two colloids approach each other 
and their double layers begin to interfere. This agglomeration can be avoided by using capping 
agents such as surfactants (Dzimitrowicz et al. 2019; Franco-Ulloa et al., 2020; Polte, 2015; Segets 
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et al., 2011). Researchers have reported biologically capped nanoparticles which include pectin- 
capped Ag (Devasvaran & Lim, 2021; Durán et al., 2011; Hileuskaya et al., 2020), levan-capped 
gold (Akturk, 2020; González-Garcinufio et al., 2019), gum arabic stabilized copper (Chawla et al., 
2020, 2021; Yao et al., 2015), alanine-capped CuS (Mofokeng et al., 2018, 2019; Nelwamondo et al., 
2012) and chitosan capped zinc oxide nanoparticles (AbdElhady, 2012; El-Saied & Ibrahim, 2020; 
Gong ef al., 2019). 

Amino acids act as efficient reducing as well as capping agents to synthesize nanoparticles with 
uniform structure. Primary amine and hydroxyl groups have a powerful affinity to metal ions to 
decrease particle size and stop agglomeration (Basnet & Chatterjee, 2020; Dumur et al., 2011). These 
include the Fe- and Cu-containing humic acids extracted from coal waste which was further used for 
the solar-based disinfection processes, namely solar light (hv), hu/H,O, and hv/H,O,/Fe?* (photo- 
Fenton) processes and L-histidine was found to reduce tetrachloroauric acid to Au nanoparticles 
(Liu et al., 2019; Porras et al., 2018). Polysaccharides are very attractive biopolymers for synthesis 
of nanoparticles. Also polysaccharides are a class of polymeric carbohydrate molecules with 
repeating units of mono or disaccharides linked together by glycosidic linkages. Biocompatibility, 
biodegradability, low toxicity, mucoadhesive properties and inherent antimicrobial activity are the 
advantages favoring the broad use of polysaccharides such as dextran, pectin, chitosan and alginate 
in fabrication of novel materials (Jones & McClements, 2011; Joye & McClements, 2014; Zafar 
et al., 2016). 


3.3 BIOLOGICAL NANOPARTICLES 


3.3.1 Plants 

Plant-mediated nanoparticles synthesis, which is often called phytonanotechnology, is usually single 
step. Moreover, these nanoparticles are biocompatible and scalable. Further, it excludes the steps 
included in microbial synthesis such as microbial isolation, cell culture maintenance and downstream 
processing (Abdelghany et al., 2018; Agarwal et al. 2017; Ahmed et al., 2016a, 2016b; Akhtar et al., 
2015; Banerjee et al. 2014; Dzimitrowicz et al. 2019; Ebrahiminezhad et al., 2018; Elia et al. 2014; 
Mashwani et al., 2015; Singh et al., 2016). Phyto nanotechnology is majorly divided into three 
classifications: in-vivo, in-vitro and phyto constituents mediated (Figure 3.1). The in-vivo-mediated 
synthesis involves the growth of plants in metal-rich media (Rana et al., 2023), whereas in-vitro 
synthesis involves the use of leaf, stem, root, fruit and seed extracts (Balachandar et al. 2019; Dinga 
et al., 2022). Photochemicals-mediated synthesis comprises the addition of the precursor solution 
for the reduction process (Fahimirad et al., 2019; Sharma et al., 2018). A summary on the recent 
advancements in the phytonanotechnology is reported in Table 3.1. 

The components present in plant crude extracts contain phytochemicals/secondary metabolites 
consisting of phenolic acid, flavonoids, alkaloids and terpenoids responsible for the reduction of metal 
ions. Likewise, the proteins, amino acids, enzymes, polysaccharides and organic acids serve as a 
stabilizing material around the nanoparticles (Dauthal & Mukhopadhyay, 2016; Matussin et al., 2020; 
Verma & Bharadvaja, 2021; Vanti et al., 2020). The role of phenolics, flavonoids and terpenoids is 
elucidated by the phenylpropanoid/shikimate pathway responsible for the acetate/malonate pathway 
Shojaei Yeganeh et al. (2019), in which p-coumaroyl-coenzyme A is produced by a phenylpropanoid 
alleyway utilizing three units of malonyl-coenzyme A residues (initiated from the malonic acid 
pathway) and isopentenyl diphosphate (produced by the mevalonate and methylerythritol phosphate 
pathway, respectively) (Logeswari et al., 2015; Ovais et al., 2018a, 2018b). 

In-vivo synthesis of nanoparticles was carried out in 2002 by Gardea-Torresdey, by using the plant 
alpha alpha Gardea-Torresdey et al. (2002), by growing itin jars with a medium containing gold AuCL, 
further converting them into zero valence gold nanoparticles of 4 nm with icosahedron structure. In 
2007, Sharma et al. reported intracellular formation and growth of spherical gold nanoparticles of 
size 6-20 nm during the in vitro growth of seedlings in a gold solution. Over the years, the synthesis 
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Figure 3.1 Pictorial representation of the mechanism for (a) in-vitro, (b) in-vivo, and (c) phytochemical nanoparticles 


synthesis from plants. 
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of the plant-mediated nanoparticles has moved from intracellular to extracellular as the method 
is simple and less time consuming. Bali and Harris (2010) reported the use of the vascular plants 
Brassica juncea and Medicago sativa with aqueous solution of KAuCl, both in in vivo and ex vivo. 
This resulted in the formation of nanoparticles of 5-10 nm and 10-20 nm by the reduction of Au (IIT) 
to Au (0) Teimouri et al. (2018). Formation of silver nanoparticles of different shapes and sizes were 
found in the cell wall, cytoplasm and chloroplasts of Brassica juncea, Festuca rubra and Medicago 
sativa as per the work of Marchiol et al. (2014). Chandran et al. (2006) reported the synthesis of gold 
nanotriangles of dimensions 50-350 nm and spherical silver nanoparticles with a size of 15.2 nm 
using Aloe vera extract by adding aqueous HAuCI, solution and incubating it for 5 h. 


3.3.2 Bacteria 
Another biological approach of nanoparticles synthesis is by bacteria (Figure 3.2). Aquatic motile 
bacteria that align and swim along magnetic field lines were first reported by Salvatore Bellini in 1963. 
He referred to these microorganisms as ‘batteri magnetosensibili or magnetosensitive bacteria Fang 
et al. (2014). These organisms were later rediscovered by R. P. Blakemore, in 1975, who called them 
magnetotactic bacteria and elucidated the reason for their magnetotactic behavior Hamouda ef al. 
(2019). Initial evidence of bacterial synthesis is found in magnetotactic bacteria where they synthesize a 
chain of magnetic nanoparticles inside their cells (Elfick et al., 2017; Fang et al., 2019; Kang et al., 2008; 
Khan et al., 2019). Magnetic nanoparticles were covalently immobilized on the surface of Acetobacter 
xylinus and the location of the bacteria was controlled to manipulate bacterial bioactivation (Patil 
and Kim, 2017; Sumanth et aL, 2020). Bacterial magnetosomes are organic-coated intracellular 
nanocrystals of Fe,O, and Fe;S, biosynthesized by both magnetotactic and non-magnetotactic 
bacteria Iravani and Varma (2020). The composition of the magnetic inorganic part is species-specific 
and the external organic coating layer is derived from the bacterial phospholipid bilayer membrane 
(Bharde et al. 2005; Bereczk-Tompa et al. 2017). The putative functions of the protein component of the 
external organic coating layer in the magnetosome biomineralization process have been hypothesized. 
Magnetic nanoparticles into ordered structures control the motion of magnetotactic bacteria with 
microelectromagnets. Magnetospirillum magnetotacticum (MS-1), a variety of magnetotactic bacteria, 
produce a single chain of intracellular magnetite (Fe;O;) nanoparticles López and Antuch (2020). 
Bacterial species have evolved various natural defence mechanisms such as intracellular 
sequestration, efflux pumps, change in metal ion concentration and extracellular precipitation, to 
cope up with metal-induced stress conditions (Ali et al. 2019; Asghar et al. 2020; Mitra et al., 2018). 
The transformation of metals occurs via several specific or unspecific reductases, for example, thiol- 
containing or glutathione reductases, nitrite reductases and a vast variation of small molecules 
and enzymatic activities, in different bacterial species (Chen et al. 2015; Chwalibog et al. 2010; 
Dahoumane et al. 2017; Fernández-Llamosas et al., 2017; Gahlawat et al., 2019). There are two 
common methods involved in the synthesis of nanoparticles: intracellular synthesis and extracellular 
synthesis. Intracellular methods involve the reduction of nanoparticles inside the cell Singh et al. (2018). 
Furthermore, nanoparticles are recovered from the cell by cell lysis methods such as sonication. In 
the case of extracellular synthesis, the synthesis is by using biomass followed by recovery of the 
nanoparticles from the supernatant. A summary on the recent advancements of the bacterial synthesis 
of nanoparticles is reported in Table 5.2. 


3.4 FUNGI 


Myconanotechnology includes synthesis of nanoparticles from microfungi, macrofungi and yeast 
(Figure 3.5). Their advantages over bacterial synthesis include easy culturing and fast growth, further 
extracellular discharge of proteins has an additional advantage in the downstream processing and 
treatment of biomass, when compared with the bacterial biosynthesis of nanoparticles Feroze et al. 
(2020). Enzyme components such as nathoquinones, anthraquinones and nitrate reductase act as 
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(a) 


o @ Extracellular Enzymes 
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Figure 3.2 Pictorial representation of the mechanism for nanoparticle synthesis from bacteria. (a) Cellular uptake 
of silver ions and activation of silver reduction machinery; electron shuttle system, intra or extracellular localization 
of AgNPs; and reduction through extracellular enzymes and other organic molecules released in solution (Xu et al., 
2020) and (b) proposed mechanistic scheme of the biomineralization of gold ions by exopolysaccharide pullulan. 
(Source: Gahlawat and Choudhury 2019). 


reducing agents in the synthesis of nanoparticles (Figure 3.3a) Subashini and Bhuvaneswari (2018). 
Not only enzymes, also electron shuttle compounds play a key role in the fungal formation of 
nanoparticles (Siddiqi & Husen, 2016). 

The summary on the recent advancements of the fungal synthesis of nanoparticles is reported in 
Table 3.3. The most common method in case of microfungus is the use of fungal hyphae growth in the 
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"o , eg: tautomerization 
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Figure 3.3 Pictorial representation of the mechanism of nanoparticle synthesis by fungi. (a) Fungal phytochelatins 
synthesis and (b) biosynthesis of protein-capped CdTe quantum dots in yeast. 


liquid media incubated on a shaker for 24-48 h. After attaining growth they are washed with distilled 
water to remove growth media and added to the solution containing the metal precursor. Based on 
the color change after 2-5 days, the formation of nanoparticles is known (Meena et al., 2021; Sumanth 
et al., 2020). Fungal phenol oxidases such as laccases, tyrosinases, and Mn-peroxidases have also 
been reported in Lentinus edodes, Pleurotus ostreatus, Ganoderma lucidum and Grifola frondosa. 
For macrofungus, both the fruiting body and the mycelium of the mushrooms (basidiocarps) are 
subjected to blending or crushing of the cleaned fruit bodies. Then suspending the resulting paste in 
a known volume of distilled water, the resultant filtrate/supernatant can be utilized for generation 
of nanoparticles by supplementation of a metal salt solution followed by incubation. In 2004, 
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Numata et al. produced nanofibers from the purified polysaccharides (8-1,5-glucan), the so-called 
Schizophyllan, from the mushroom Schizophyllum commune. In case of yeast, eukaryotic systems 
namely, Candida glabrata and Schizosaccharomyces pombe have been employed for nanoparticles 
production (Table 5.5) Eugenio et al. (2016). Moreover, intracellular synthesis of sulfide nanoparticles 
by Schizosaccharomyces pombe has also been reported. 


3.5 ALGAE 


Algae are known to hyperaccumulate heavy metal ions and possess an exceptional capability to 
remodel them into more malleable forms (Mukherjee et al., 2021). Because of these alluring attributes, 
algae have been foreseen as model organisms for fabricating bio-nanomaterials (AlNadhari et al. 
2021; Khanna et al., 2019). Intracellular biosynthesis requires no pre-treatment of microalgae because 
the process relies on metabolic pathways responsible for synthesis such as photosynthesis, respiration 
and nitrogen fixation Yilmaz Oztürk et al. (2020). The reducing agents may be NADPH or NADPH- 
dependent reductases in the energy generating steps during photosynthesis via the electron transport 
system (ETS) or may be respiratory ETS at thylakoid membranes. Recent advancements of the algal 
synthesis of nanoparticles are reported in Table 3.4. 

From the available reports, extracellular algae-mediated synthesis of nanoparticles involves 
preparation of algal extract, metal precursor solution and incubation of the algal extract with the 
metal precursor solution (Figure 3.4). The algal biomass is subjected to rudimentary pre-treatments 
such as washing and blending, followed by mixing the liquid algal extract with the molar solution 
of the metal precursor. Typically, the color change of the reaction mixture demarcates as a visible 
signature for the initiation of reaction, which involves nucleation, followed by growth of nanoparticles 
in which the adjoining nucleonic particles aggregate together, thus forming thermodynamically stable 
nanoparticles of different morphologies. Algal extracts consist of carbohydrates, proteins, minerals, oil, 
fats and polyunsaturated fatty acids along with bioactive compounds such as antioxidants (polyphenols 
and tocopherols) and pigments such as carotenoids (carotene and xanthophyll), chlorophylls, and 
phycobilins (phycocyanin and phycoerythrin) Chen ef al. (2019b). They further comprise metabolites, 
ions, pigments, various proteins (enzymes) and non-protein entities such as DNA, RNA, microbial 
by-products (hormones and antioxidants) and lipids. 

Diatoms, single-celled photosynthetic algae, are a great source of intricate natural porous silica 
materials. The whole diatom cell is confined within a three-dimensional ordered nanopatterned silica 
cell wall, called a frustule Bozarth et al. (2009). Diatoms are robust and can inhabit virtually all photic 
zones from the equator to the seemingly inhospitable sea ice where they are highly useful indicators of 
environmental conditions in their rapid response to environmental changes, including their capacity 
to react to sea ice freezing around them with their natural antifreeze ice-binding proteins (Jamali 
et al., 2012). 


3.6 PHOTOCATALYSIS 


Photocatalysis is a light-driven process. When the nanoparticles are exposed to a light source, the 
electrons jump from the valance band to the conduction band creating electron-hole pairs (Li et al., 
2021). The confinement of an electron and hole in nanocrystals significantly depends on the material 
properties, namely on the Bohr radius a, (Sahoo, 2019). When the radius of a microcrystalline 
semiconductor (R) is reduced relative to the Bohr radius (ap), one of the most important consequences 
of the spatial confinement effect is a blue shift in the energy of the band-to-band excitation peaks. 
This is because of the main electron-hole interaction energy (which includes the Coulomb term), 
the confinement energy of the electron and hole, and kinetic energy changes in different regimes of 
the quantum confinement (Koole et al., 2014; Mirza et al., 2019). The surface of a semiconductor is 
unstable and has dangling bonds, which can trap charge carriers and degrade the electrical and optical 
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fr Living extracts Ae 


Microalgae 


^ Cell free extract 


Incubation 20°C, 16 h light/8 h dark Z 


Protein isolate 


Figure 3.4 Experimental procedure for the biosynthesis of Au nanoparticles using a living culture of a microalga or 
its cell free extract or protein isolate. (Source: Shen et al. 2012). 


properties of the material. To reduce the surface energy, the surface atoms rearrange themselves, 
forming a new structure called a reconstructed surface. This reconstruction can lead to the formation 
of energy levels in the forbidden gap of the semiconductor, which can also act as traps for charge 
carriers. In an ideal semiconductor nanocrystal, the surface atoms are bonded to other materials in a 
way that removes these defects, resulting in a high-quality material with superior electrical and optical 
properties (Pradeep, 2007). 

The efficiency of the nanomaterials depends on the morphology and the band gap of the material. In 
1839, Becquerel discovered that when a silver chloride electrode was immersed in an electrolyte solution 
and connected to a counter electrode, a voltage and an electric current were produced when the electrode 
was illuminated with sunlight. As early as 1929, it was known that the pigment titanium white (TiO;) was 
responsible for fading in paints and several major studies were carried out on the photosensitizing action 
of TiO, (Kansal, 2013). Later in 1955, Brattain and Garret explained the Becquerel effect on germanium 
semiconductor electrodes, which is the origin of this photovoltaic phenomenon. According to this 
phenomenon, the semiconductor zinc oxide had attracted a great deal of attention as a photosensitizer for 
the decomposition of organic compounds and as a sensitizer for a number of inorganic photoreactions. 
Fujishima and Honda in 1972 reported the capability of photocatalytic properties of certain materials 
to convert solar energy into chemical energy to oxidize or reduce materials to obtain useful materials 
including hydrogen/hydrocarbons and to remove/degrade pollutants. 

One of the parameters influencing the photocatalysis phenomenon is the morphology of the 
nanoparticles as it plays a key role in the light absorption based on localized surface plasmon resonance 
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Conduction band 


Energy (E;) = hu 


= Valence band 


Bulk material Size of the nanoparticles decreases with 
increase in band gap 
Figure 3.5 Schematic representation of decreasing size with the increasing band gap. 


(LSPR). The localized surface plasmon resonance effect is the resonant photon-induced coherent 
oscillation of charge at the metal-dielectric interface, established when the photon frequency matches 
the natural frequency of metal surface electrons oscillating against the restoring force of their positive 
nuclei. The other important parameter in photocatalysis is the photonic band gap of the materials, at 
nanosize material is reduced in size to the atomic level, the energy band is broken into discrete levels so 
that the band gap is changed (Figure 3.5). The electrons are confined to a point in space that they have no 
freedom in any dimension and electrons are said to be localized at a point, implying that a change in all 
directions changes the properties. Thus, by altering the size and composition of materials, we can change 
the band gap energy, for example, the color of light emitted can be changed because emission color 
depends on band gap energy of the material. This implies that the absorption and emission wavelength 
both become shorter when they have larger band gap energy and vice versa. This is due to the fact that 
the specific wavelength of light emitted is a function of the band gap energy (Koole et al., 2014). 


3.6.1 Batch degradation of organic pollutants using NPs 

In a typical photoreactor, the system is equipped with illumination, which fundamentally affects the 
design of any photocatalytic reactor. As a rule of thumb, indicatively the best choices are the usage of 
a linear fluorescent/light-emitting diodes (LED)/ultraviolet (UV)/visible lamp with the reactor on the 
z-axis. In practice, once the light source is chosen, the reactor must be designed to get the maximum 
utilization of both the emitted light and the volume of the reactor. Both depend on the capacity of light 
absorption of the system, which in a reactor (i.e., with suspended photocatalytic powders) is given by 
the photocatalyst concentration (Dolat et al., 2012). The radiation inside the photocatalytic system 
depends on the power and geometry of the irradiation source, the distance to the photocatalytic 
system and the thickness of the suspension layer. These should be constant over all the experiments to 
get results with significance. If one increases the photocatalyst concentration, a high absorption of the 
light is obtained. Thus, the amount of utilized radiant energy increases, but the system is nevertheless 
less effective since large parts of the reactor work at lower level of illumination. This means that 
any design represents a compromise between conflicting requirements and the compromise choice 
ultimately is affected by economic evaluations, which depend on the cost of the radiant energy and 
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of the reactor (Figure 3.6a). Finally, if the source light is chosen and the satisfactory compromise is 
adopted, the scale-up becomes merely a modular operation. Further, the type of photocatalyst, size of 
the particles and their surface morphology influence internal light scattering, therefore, influencing 
the efficiency and the reproducibility of the results. 

The morphology and dimensions of the nanoparticles are controlled by precursor concentration, 
reducing agent, stabilizing agent and other key factors include pH, temperature and contact time. 
Likewise, the proteins, amino acids, enzymes, polysaccharides and organic acids serve as a stabilizing 
material around the nanoparticles (Khatami et al., 2018; Król et al., 2017; Kuppusamy et al., 2016; 
Mittal et aL, 2013). Quoting about the external parameters, pH plays an important role in the 
morphology of nanoparticles. Reports suggest that at alkaline pH value hexagonal and triangular 
gold nanoplates are formed, whereas in case of acidic pHs nanoparticles are not formed (Malarkodi 
et al., 2014). With the change in temperature, the chemical nature of extracts also changes resulting 
in homogenous size distribution that can be related to larger size at low temperature and smaller 
size at high temperature. Reaction time is associated with Ostwald ripening where the synthesis 
of nanomaterials in the biological entities is controlled by the nucleation reaction leading to the 
reduction of individual metallic ions (Chung et al., 2016; Hasan et al., 2018). 


3.6.2 Photobioreactors 

There are various types of photobioreactors (PBRs) (Figure 3.6b) that have been developed so far, 
including bubble column, airlift reactor, flat-plate, stirred-tank, tubular, conical, torus and seaweed- 
type PBRs, only a few can be used for mass cultivation of nanoparticles Liu ef al. (2013). Current 
progress in these aspects includes light, mixing, mass transfer, pH, temperature, capital cost and 
operating cost. In the design of an efficient PBR, light penetration and distribution inside the reactor 
are the dominant factors Huang et al. (2008). Moreover, good mixing and mass transfer as well as 
favorable temperature and pH can significantly improve the growth of the microbial community. 
Lastly, capital and operating costs are crucial factors for a cost-effective PBR in the long run. The 
efficiency of this process is determined by the photoconversion efficiency and is limited by the 
efficiency of photosynthesis and cell anabolism. 

A mechanistic model capable of describing the steady-state operation of an inhibitory pollutant 
degrading algal-bacterial consortium enclosed in a chemostat PBR was developed (Wang et al., 
2016). The model was then validated against experimental data on salicylate removal by a Chlorella 
sorokiniana/Ralstonia basilensis consortium cultivated without external O, supplied in an enclosed 
chemostat PBR operated under various conditions of radiation, salicylate inlet concentrations, 
temperatures and hydraulic retention time (HRT). 


3.6.3 Nanobiohybrids 

Nanobiohybrids came into the picture where microbial cell factories are integrated with nanomaterials 
Liu et al. (2020a, b). Coupling nanomaterials with microbes opens up a whole spectrum of new metabolic 
properties where the nanomaterials can capture reducing equivalents in the presence of light sources 
Dong et al. (2018), these equivalents are provided to the cellular metabolism of the microbes (Liu et al., 
2015; Zhang et al., 2020). These can be used as catalysts for photocatalytic activity, thereby improving 
the degradation process. For instance, in the case of Moorella thermoacetica — CdS constructs, the Cd 
precursor was added to the growth medium containing M. thermoacetica bacterial cells, where cysteine 
desulfhydrase plays a significant role in producing sulfide from cysteine to produce CdS (Sakimoto 
et al., 2016). The construct of the non-sulfur reducing bacterium Rhodopseudomas palustris with CdS 
nanoparticles utilizes equivalents provided by bacteriochlorophyll in the presence of a light source by the 
Calvin cycle (Wang et al., 2019). The other combinations reported include Thiobacillus denitrificans-CdS 
(Chen et al., 20192), M. thermoacetica - CdS, Escherichia coli - CdS hybrids, Saccharomyces cerevisiae 
- InP hybrids, Cupriavidus necator - CdS@ZnS, CdSe@ZnS, InP@ZnS, Cu;ZnSnS,QZnS hybrids 
Azotobacter vinelandii - CAS@ZnS, CdSe@ZnS, InP@ZnS, Cu;ZnSnS,9ZnS hybrids (Ding et al., 2019). 
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Figure 3.6 Schematic representation of (a) batch and (b) continuous flow PBR. 


Microbial co-culturing causes synergistic effects, which help in increasing the tolerance of biomass 
to the stress conditions, thereby enhancing the efficiency of a nanobiohybrid-based system. Metal 
organic frameworks wrapped M. thermoacetica - CdS compared to the bare nanobiohybrids, as the 
encapsulated hybrids can continuously undertake CO, photoreduction, even under oxidative stress 
(Figure 5.7) (Cestellos-Blanco et al., 2020). This challenge can be partly addressed by encapsulating 
the nanobiohybrids in a polymer matrix such as alginate, chitosan or polyethylene glycol. This 
encapsulation further helps in improving the stability and sensitivity of the nanobiohybrid constructs 
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Renewable products 


Figure 3.7 Schematic representation of microbe/nanomaterial hybrid systems. (a) When a feedstock (containing 
CO,, H50, N>, O.) is supplied to the nanobiohybrid in the presence of sunlight, the photo-excited electrons from 
the nanoparticles (blue) are transferred to the enzyme electron acceptors. This leads to an electron-hole in the 
nanoparticles. The oxidized nanoparticles can be reduced by the red—ox coupled cysteine (cys)-cystine (cyss), which 
is the sacrificial electron donor to scavenge the electron-hole. The photogenerated electrons from the intracellular 
nanoparticles are passed to cytoplasmic mediators (such as ferredoxin, flavoproteins and rubredoxins (brown)) by 
the Wood-Ljungdhal pathway. (b) In the presence of a light source, the electrons jump from the valence band to 
the conduction band. E: energy, E<: valence band, Ev: conduction band and E. band gap.(Source: Cestellos-Blanco 
et al. 2020). 


against external stresses. Further limitations can be avoided by using novel PBR configurations 
equipped with capsules containing nanobiohybrids that prevent their wash-out and light-emitting 
diodes for continuous illumination. 


3.7 CHALLENGES 


3.71 Toxicity 

The major challenge encountered with the use of nanoparticles is due to their characteristic 
physicochemical properties when they are released into the environment. Thus, to bridge the gap of 
knowledge and to exclusively tackle the toxicity issues related to nanoparticles, different strategies 
aiming to contribute to safe use of NPs are essential. Nanoparticles, due to their unique characteristics 
including small size, shape, high surface area, charge, chemical properties, solubility and degree of 
agglomeration, can penetrate into the ecosystem (Kumari et al., 2014). This is the reason why they 
may pose higher risk than the same mass and material of larger particles. Considering the potential 
applications of nanoparticles in many fields and to address the knowledge gap, the relevant toxic 
effects of nanoparticles should be assessed by utilizing in vivo toxicological models, targeting the vital 
systems. However, in addition designing, adapting and validating such new models in the future for 
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toxicity testing, also the route of exposure, coating material and sterility of nanoparticles and type of 
cell cultures need to be carefully considered (Tan et al., 2020). 


3.7.2 Nanoparticles detection 

Particle associations and aggregates pose additional analytical challenges (Das et al., 2012). For 
instance, the differentiation between a particle of 100 nm and 1-100 nm-sized particles, which would 
be considered a nanomaterial under all regulations, requires analytical tools capable of assessing the 
inner structure and type of particle-particle bonding in the material. Only certain imaging methods, 
such as electron microscopy, can provide such insight. The fact that the morphology of particles can 
change in response to the surrounding conditions additionally complicates analysis. Other approaches, 
like fractionation methods, do not distinguish between particles and aggregates of the same size or 
different particle shapes that may have the same average hydrodynamic diameter. The same holds for 
inductively coupled plasma mass spectrometry, which only detects total particle composition, with no 
information on shape/structure. Limitations and problems relate to size and size distribution as well 
as the challenges associated with detection limits for small sizes (Miernicki et al., 2019). 


3.7.3 Light accessibility 

Light attenuation in a culture medium occurs due to light absorption and scattering by pigments 
and water molecules. Attenuation per unit distance is proportional to the irradiance of light, which 
creates a heterogeneous radiation field inside the culture. The light irradiance is further reduced as 
the cell grows to high density. Light intensity is one of the most important factors in the cultivation 
of microbes. In addition, different species respond differently to light wavelengths due to variations 
in their pigmentation. The absorption bands of these pigments are different, as a result only a certain 
range of light wavelengths are effective. Due to the dependence of phototropic microbes and algae 
on light energy, the availability and accessibility of light is crucial. Microbial cultivation systems 
are designed to maximize surface-to-volume ratio in a manner to encourage light utilization. It can 
directly affect the photosynthetic kinetics of microbial cells, influence cell growth and the production 
of metabolites (Cestellos-Blanco et al., 2020; Liu et al., 2020a). 


3.8 CONCLUSION 


Bioinspired approaches are expected to be effective, a great variety of multifunctional materials 
with multiscale structures have been prepared by using different synthesis strategies. The design 
and optimization of nanotechnology enabled water treatment technologies to enhance and improve 
understanding of (1) nanomaterial structure and activity, (2) relationships of material selection and 
enhance durability and (5) structural integrity and process reliability. This includes developing green 
synthesis approaches to scale-up production of functional nanomaterials and cost-effective strategies to 
regenerate or replenish functionality of nanomaterials. Due to device complexity in nanotechnologies, 
theoretical modelling is now playing an increasingly important role in device design. Nanotechnology 
will likely play a critical role by providing a wide range of unprecedented opportunities to enhance 
some water treatment systems, including adaptable treatment technologies and materials that can be 
tuned to specific targets. In the near future, nanotechnology-enabled water treatment will likely be 
implemented mainly in niche applications such as point-of-use devices and in municipal treatment 
plants. 
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ABSTRACT 


Energy storage devices play a crucial role in our modern society, enabling the efficient utilization of renewable 
energy sources, powering portable electronics, and facilitating the transition to electric transportation. The chapter 
begins by exploring the need of energy storage in the modern world, the fundamental principles and working 
mechanisms of batteries, including the different types such as lithium-ion, nickel-metal hydride and lead-acid 
battery. The design, manufacturing and performance characteristics of each battery type are discussed, along with 
their advantages and limitations. Additionally, the chapter discusses the latest advancements in battery technology, 
including the development of solid-state batteries, high-energy-density batteries, and next-generation battery 
materials. Moreover, the chapter examines supercapacitors, an emerging energy storage technology with unique 
advantages such as high-power density, fast charging, and greater cycle life. The underlying principles and operating 
principles of supercapacitors are explained, with a focus on different types such as electrochemical double-layer 
capacitors and pseudocapacitors. Also, the chapter explores the various electrode materials, electrolytes, and 
device architectures employed in supercapacitors, highlighting recent advancements and future prospects. 


Keywords: batteries, electric transportation, energy storage devices, renewable energy, supercapacitors. 


4.1 INTRODUCTION 


Currently, the demand for reliable and sustainable energy solutions has become increasingly 
significant. With the rising demand of renewable energy sources, such as from the wind and sun, the 
intermittent nature of these sources poses challenges in continuous energy supply with demand. The 
transportation electrification and portable electronics require efficient and long-lasting energy storage 
solutions. Therefore, there is a critical need for effective energy storage devices that can store surplus 
energy available at the time of low demand and can use it on high demand. 
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Energy storage methods play a crucial role in addressing the intermittency and variability of 
renewable energy sources, stabilizing power grids, and optimizing the utilization of energy resources 
(Aneke & Wang, 2016). Currently, there exists a wide range of energy storage methods, each with 
its unique characteristics, advantages, and disadvantages. They can be broadly categorized into 
mechanical, electrochemical, thermal, and chemical storage systems. 

Mechanical energy storage technologies, like the pumped storage hydropower and the compressed 
air energy storage, utilize the potential energy of water or compressed air to store and release energy. 
These systems offer large-scale and grid-level storage solutions with high energy storage capacity 
and relatively long discharge durations. Thermal energy storage systems store excess heat or cold 
for later use, commonly employed in district heating and cooling applications, concentrating solar 
power plants, and industrial processes (Dincer & Rosen, 2011). Chemical energy storage, including 
batteries and fuel cells, involves the conversion of chemical energy into electrical energy for various 
applications (Larcher & Tarascon, 2014). Among the different energy storage technologies, batteries 
and supercapacitors have emerged as key players due to their versatility, efficiency, and continuous 
advancements. Batteries are widely utilized in applications ranging from small-scale portable 
electronics to large-scale grid storage. They store electrical energy through reversible electrochemical 
reactions, making them a reliable and portable source of power. 


4.2 BATTERIES: PRINCIPLES AND OPERATION 


Batteries are electrochemical energy storage devices that transfer chemical energy into electrical 
energy through a series of electrochemical reactions. They consist of one or more electrochemical 
cells, which comprise positive and negative electrodes, an electrolyte, and a separator. When a load 
is connected to the battery, an electrochemical reaction occurs within the cell, leading to the flow of 
electrons and the generation of electrical current (Winter & Brodd, 2004). 


4.2.1 Battery basics 

4.2.1.1 Structure and components 

Understanding the structure and components of batteries is fundamental to comprehending their 
functionality. They consist of several components working together to facilitate the flow of electrons. 
The schematic representation of the general structure and components of a battery is shown in 
Figure 4.1. 
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Figure 4.1 General battery structure and components. 
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At the core of a battery is an electrochemical cell, which comprises two electrodes immersed in 
an electrolyte. The electrodes are typically made of different materials and are known as the cathode 
and the anode. Here, the cathode is the positive electrode, while the anode is the negative electrode. 
These electrodes facilitate the redox (reduction-oxidation) reactions that occur during operation. The 
electrolyte acts as a medium for ion transport which separates the electrodes and also allows the ions 
to flow between them. It can be a liquid, gel, or solid, depending on the type of battery. The electrolyte 
carries the ions necessary for the redox reactions and completes the electrical circuit. In addition to 
the electrodes and electrolyte, batteries often include other components to enhance performance and 
safety. These may include separators, which prevent the electrodes from coming into direct contact 
and causing short circuits. Separators are typically porous membranes that allow the flow of ions 
while preventing physical contact between the electrodes. Furthermore, batteries may have current 
collectors, which are conductive materials that collect and distribute the generated electrical current. 
These collectors are usually metallic foils, such as copper or aluminum, attached to the electrodes. 


4.2.1.2 Electrochemical reactions in batteries 
Electrochemical reactions play a significant role in the battery operations, which are essential for the 
energy storage devices used in various applications. 

The operation of a battery relies on the transfer of electrons within two chemical reactions, that is 
an oxidation and a reduction reaction. The physical separation between these reactions helps to set 
out from the other reactions like rusting. This separation allows for the insertion of a load between 
them. The voltage of the battery is the one which drives the load and which is determined by the 
electrochemical potential difference between the two reactions that occur in each cathode and anode. 
These electrons will pass through the external circuit which corresponds to the current passing 
through the load. The batter components, depicted in Figure 4.2, include electrodes and electrolytes 
for both the reduction and oxidation reactions. 

The fundamental characteristics of a battery are largely determined by the type of materials utilized 
for the electrodes and electrolytes in both reactions. The electrode serves as a central aspect of the 
redox reaction where the electron transfer takes place. In certain battery systems like lead-acid and 
alkaline batteries, the electrode not only facilitates the electron transfer but participates actively in the 
chemical reaction that may consume or produce the electrons. However, in other battery systems like 
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Figure 4.2 Representation of a battery depicting two scenarios: (a) where the electrolyte for the reduction and 
oxidation reactions differs, and (b) where the electrolyte is identical for both reactions. 
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fuel cells, the electrode material itself is inert and solely serves as a place for the electron movement 
between reactants. 

During battery discharge, the electrode responsible for the oxidation reaction is known as the 
anode, characterized by a positive voltage according to its definition. Conversely, the electrode 
responsible for the reduction reaction is called the cathode and possesses a negative voltage. These 
distinctions are vital in understanding the flow of electrons within a discharging battery. 

The flow of current within a battery results from electron transfer between the electrodes. During 
the discharge process, the electrons are generated from the anode during oxidation, while the electrons 
are consumed at the cathode during reduction. This shows the movement of electrons from the anode 
to the cathode (Figure 4.2a). To facilitate their transfer, a conventional electrical connection, like a 
wire, links the anode and cathode, enabling easy movement of electrons between them. However, in 
a battery circuit, electrons are not the sole carriers of charge. While electrons travel from the anode, 
they do not return from the cathode simultaneously. To maintain electrical neutrality, ion movement 
occurs within the electrolyte. With the help of a salt bridge, the electrolytes on each anode and 
cathode side are connected for the redox reaction (Figure 4.2b). This bridge ensures that ions move in 
a way that prevents charge accumulation at either positive or negative electrodes. 

In many practical battery systems, the same electrolyte is employed for both the anode and the 
cathode, enabling ion transport through the electrolyte itself. In this case, a separator is incorporated 
between the anode and the cathode to remove the physical contact. The separator is necessary because 
the electrodes are usually in close proximity, and direct contact would cause a short circuit, bypassing 
the external circuit and load and allowing electrons to transfer directly. The redox reactions involved 
in a given battery system play a crucial role in determining various fundamental characteristics of the 
battery. Additionally, the design of the battery, such as the number of materials used and the electrode 
configuration, also influences important battery properties, including capacity, charging/discharging 
performance, and other practical considerations (DOge et al., 2016). 


4.2.2 Battery performance metrics 
When assessing battery performance, several crucial metrics and considerations should be considered. 


4.2.2.1 Cell, module, and pack level 

When evaluating energy and power densities, it is crucial to consider whether the data pertain to a 
particular cell or a complete battery pack. Cells consistently possess the highest energy and power 
capacities relative to size or weight. This is due to the extra structure of modules, cooling system, 
electrical connections and weight without increasing energy or power output. The decrease in 
efficiency when transitioning from the cell level to the pack level is influenced by several factors. These 
factors include the pack's size, the cell's heat tolerance, the speed of charging and discharging, and the 
extent of costly lightweighting measures. It is important to note that the battery bank of a car will be 
significantly heavier than one designed for an aircraft, despite the potential use of the same cells. Car 
battery packs are optimized for battery life and cost, whereas aircraft packs prioritize weight reduction. 


4.2.2.2 Energy density 

Energy density defines as the energy stored in a specified given volume or mass of a battery. It is 
typically measured in Watt-hours per litre (Wh/L) or Watt-hours per kilogram (Wh/kg). A higher 
energy density indicates a battery can keep more energy in a tiny volume or weight. As an illustration, 
lithium-ion cells have an energy density around 690 Watt-hours per litre (Wh/L), while gasoline has 
an energy density of about 9500 Wh/L. 


4.2.2.3 Power density 
The term “power density' describes how much power a battery can produce in relation to its mass or 
volume. It is generally measured in terms of Watts per litre (W/L) or Watts per kilogram (W/kg). A 
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higher power density indicates that the battery can deliver more power relative to its size or weight. The 
charging speed (C-Rate) is closely linked to the power density because the power transfer into or out of 
a battery is influenced by internal resistance and the capacity to manage heat dissipation or resist heat. 


4.2.2.4 Specific energy (or gravimetric energy density) 

The amount of energy stored in a battery per unit mass. For example, the energy density in commercial 
electric vehicle (EV) cells is typically around 260 Wh/kg. However, this value decreases to 
approximately 150 Wh/kg at the pack level. In high-performance aerospace packs, the energy density 
can reach up to 220 Wh/kg. 


4.2.2.5 Specific power (or gravimetric power density) 

The specific power refers to the measure of power output per unit mass. It is commonly measured 
in terms of Watts per kilogram (W/kg). Similar to power density, the specific power of a battery 
is influenced by various factors. For instance, commercial lithium-ion EV cells typically achieve a 
specific power of around 340 W/kg. In contrast, state-of-the-art aluminum-ion batteries, such as 
aluminum graphene, have illustrated the laboratory's impressive specific power of 7000 W/kg. 


4.2.2.6 Cycle life 

It refers to the total number of charge-discharge cycles a battery can go through before its performance 
degrades to a point where it is no longer useful. However, defining cycle life as a single numerical 
value is a simplification because battery degradation occurs gradually over time. 


4.2.2.7 Charge-discharge efficiency 
It simply denotes as the battery's energy efficiency. Charge-discharge efficiency measures how 
effectively the battery converts the energy input during charging into energy output. 


4.2.2.8 Self-discharge rate 

It refers to the rate at which a fully charged battery loses energy without being used. When the battery 
is charged or stored at elevated temperatures, the self-discharge rate will be higher. Generally, lithium- 
ion batteries self-discharge at a rate of approximately 2-3% per month. 


4.2.2.9 Operating temperature 

A cell can function optimally in a range of temperatures. Cells that operate at higher temperatures 
need less cooling, leading to lighter battery packs and extended cycle life. Additionally, operating at 
low temperatures can eliminate the need for cold-start heating. 


4.2.2.10 Impedance 

Impedance refers to the resistance encountered within a cell when an electrical current passes through 
it. Higher impedance levels indicate a weakness within the battery, resulting in the transition of stored 
energy into heat instead of a usable current when the battery is utilized. 


4.2.2.11 Round-trip efficiency 

The energy given to a battery throughout charging cannot be fully retrieved during discharge due 
to some internal losses and its material degradation. The round-trip efficiency is identified by the 
quantity of energy that can be taken out from the battery during discharge relative to the energy given 
during charging. This efficiency is influenced by the charging and discharging currents, with higher 
currents leading to increased thermal losses and decreased efficiency (Dége et al., 2016, Boehnstedt 
& Whear, 2009). 
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4.3 TYPES OF BATTERIES 


There are various kinds of batteries, each with its unique characteristics and applications. Figure 4.5 
gives some familiar types of batteries. Batteries can be classified based on chemical composition, form 
factor, size and specific applications. There are two main kinds of batteries: (1) primary batteries that 
cannot be recharged once depleted and (2) secondary batteries that are composed of electrochemical 
cells that allow their chemical reactions to be reversed by applying a specific voltage to the battery in 
the opposite direction. Unlike primary cells, secondary cells can be recharged once the energy stored 
in the battery has been depleted (Boehnstedt & Whear, 2009). The various types of rechargeable 
batteries are described below. 


4.3.1 Nickel-cadmium batteries 

The nickel-cadmium battery or NiCd or NiCad battery (Figure 4.4a) is a rechargeable battery that 
utilizes its electrodes as nickel oxide hydroxide and metallic cadmium. In these cells, cadmium 
undergoes oxidation to form cadmium hydroxide, while nickel undergoes reduction. As a result, 
nickel-cadmium cells produce an output voltage of 1.46 V. 


Cd + NiO, + 2H,O > Cd(OH), + Ni(OH), (4.1) 


NiCd batteries are known for retaining voltage and holding a charge even when not in operation. 
Even so, one drawback of NiCd batteries is their susceptibility to the ‘memory’ effect, which occurs 
when a moderately charged battery is recharged, leading to a decrease in the future capacity of the 
battery (Yoshino, 2012). 

The nickel-metal hydride (NiMH) battery (Figure 4.4b) is a rechargeable secondary cell that closely 
resembles the nickel-cadmium cell, with the main difference being the use of a hydrogen-absorbing 
alloy instead of cadmium. As compared to nickel-cadmium cells, NiMH batteries offer approximately 
2-3 times the capacity; they can store and deliver more energy. A detailed comparison with battery 
performance parameters for Ni-Cd and Ni-MH batteries is given in Table 4.1. 


Figure 4.3 Different types of batteries: (a) lithium-ion batteries, (b) alkaline batteries, (c) button cell and (d) Ni-zinc 
batteries. 
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Figure 4.4 Photographs of (a) nickel-cadmium batteries and (b) nickel metal hydride (Ni-MH) batteries. 


Table 4.1 Comparison of the performance parameters of Ni-Cd and Ni-MH batteries. 


4.3.2 Lead-acid batteries 

4.3.2.1 Lead-acid battery composition 

The lead-acid battery, which is commonly used in automobiles and trucks, is made up of six 
electrochemical cells connected in series. Each cell in a lead-acid battery produces 2 V of power. This 
battery's electrodes are made of lead and are immersed in sulfuric acid. Positive electrodes are lead 
infused with lead oxide, while negative electrodes are spongy lead metal. Metallic lead at the negative 
electrodes is oxidized to lead sulfate during the discharge process, while lead oxide at the positive 
electrodes is reduced to lead sulfate: 


When a lead-acid battery is recharged using an alternator, electrons are forced in the opposite 
direction, reversing the reaction (Nishi, 2001; Yoshino, 2012). Lead-acid batteries generally exhibit 
coulombic efficiencies around 85% and energy efficiencies in the order of 70% (Figure 4.5). 


4.3.2.2 Working principle of lead acid battery 

When sulfuric acid is dissolved, its molecules separate into negatively charged sulfate ions (SO? ) and 
positively charged hydrogen ions (?H*). The hydrogen ions are attracted to the electrodes connected 
to the supply's negative terminal when two electrodes are placed in the solution and connected to 
a direct current (DC) power supply. The sulfate ions move toward the electrodes connected to the 
positive terminal of the power supply, also known as the anode. At the cathode, each hydrogen ion 
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Fully recharged: Lead dioxide positive plate, 


— m 
PbO? H;SO(aq) Lead negative plate, and concentrated aqueous 
sulfuric acid solution 


Fully discharged: two identical lead sulfate 


plates and diluted sulfuric acid solution 


Figure 4.5 Lead-acid battery and its electrochemistry. 


accepts one electron. In contrast, each sulfate ion takes the two negatively charged ions at the anode, 
reacting with water to form sulfuric acid, as shown in Figure 4.6c. 

The oxygen produced by the subsequent reaction then reacts with lead oxide to form lead peroxide 
(PbO,). As a result, during the charging process of lead-acid batteries, the lead cathode remains as 
lead, while the lead anode is transformed into brown-colored lead peroxide (Figure 4.6c). 

When the DC power supply is turned off, and a voltmeter is connected between the electrodes, 
the potential difference between them is displayed. If a wire is connected between the electrodes, an 
electric current will flow from the positive to the negative plate via the external circuit. This means 
the cell can generate electrical energy. When fully discharged, the anode is made of lead peroxide 
(PbO,) and the cathode is made of metallic sponge lead (Pb). When the electrodes are connected via a 
resistor, the cell discharges and electrons flow in the opposite direction as during charging. 

The hydrogen ions migrate toward the anode, where they receive an electron from the anode, 
transforming into hydrogen atoms. These hydrogen atoms come into contact with PbO, and react, 
forming lead sulfate (PbSO,), which is whitish in color and water as described by the chemical 
equation is shown in Figure 4.6c. Each sulfate ion (SO? ) moves toward the cathode, it releases two 
electrons, becoming a sulfate radical (SO,). The sulfate radical then reacts with the metallic lead 
cathode, forming lead sulfate, also whitish in color. 


(b) (c) 
PbO, + H,50, + Pb 
+ve Plate -ve Plate 


Anode 
Charge Discharge 
PbO; 


PbSO, + 2H,0 + PbSO, + Electrical Energy 
Charging of Lead Acid Cells Discharging of Lead Acid Cells we Plate ve Plate 


Figure 4.6 Single reversible equation represents the charging and discharging of lead-acid battery. (a) Charging, 
(b) discharging and (c) reaction scheme. 
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The demand for cost-effective, portable energy storage solutions is expected to grow as it has over 
the past century. Despite advancements in battery technology, lead-acid batteries will remain crucial, 
particularly when facing new challenges and seeking innovative solutions (Dong et al., 2025). This 
includes ongoing efforts to enhance separators used in lead-acid batteries (Boehnstedt & Whear, 2009). 


Li-ion is a common terminology used to cover various types of batteries, as shown in Table 4.2 and 
several combinations for specific applications. 


A lithium-ion battery, also known as a Li-ion battery, is a modern battery technology that uses lithium 
ions as a key component in its chemical process (Yoshino, 2012). When a battery discharges, the anode's 
lithium atoms lose electrons and become ionized. These lithium ions then migrate to the cathode via 
the electrolyte. They combine with electrons at the cathode and are electrically neutralized. The 
movement of lithium ions is facilitated by a microporous separator positioned between the anode and 
cathode as shown in Figure 4.7a. Due to the compact size of lithium ions (which ranks third after 
hydrogen and helium), Li-ion batteries possess a high voltage and the ability to store a significant 
amount of charge density (Nishi, 2001). 

Li-ion batteries' electrodes can be made of a variety of materials. The typical configuration includes 
a cathode of lithium cobalt oxide and an anode of graphite. This combination is commonly found in 
mobile electronic devices such as cell phones and laptop computers. Lithium manganese oxide and 
lithium iron phosphate are two alternative cathode materials. Li-ion batteries typically use ethers as 
the electrolyte, which are organic compounds (Kraytsberg & Ein-Eli, 2011). 


Table 4.2 Characteristics of different Li-ion batteries. 


LCO NCA NMC LMO LFP LTO* Si/C* 
LiCoO, LiNiCoAIO, LiNiMnCoO,  LiMn;O, LiFePO, Li,Ti;O, 
Cathode Lithium ` Lithium Lithium Lithium Lithium Lithium Silicon 
Cobalt Nickel Nickel Manganese Iron Titanate Carbon 
Oxide Cobalt Manganese Spinel Phosphate Composite 
Aluminum Cobalt Oxide 
Oxide 
Gell 4.2V 4.0 V 4.2 V 4.2 V 3.6 V 28V 4.2 V 
voltage 
(100% 
SOC) 
Energy ++ +++ +++ + ++ = +++ 
Power ++ +H ++ +++ ++ + ++ 
Calendar + tee 4L = dit = = 
life 
Cycle life — + ++ ++ ++ ++ Tem i 
Safety - + + — da +++ - 
Cost = a Et db a = ENT 


SOC — state of charge; *LTO and Si/C are anodes, which can be combined with any cathode. 
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Figure 4.7 Schematic of a lithium-ion battery: (a) schematic representation and (b) working principle. 


Li-ion batteries possess a substantial energy density, exhibit minimal memory effect, and experience 
low self-discharge. They are widely utilized in household and portable electronic devices such as 
laptops. Various examples of Li-ion batteries are given in Figure 4.8. Moreover, their popularity is 
rapidly increasing for applications in battery electric vehicles and aerospace applications. In many 
cases, Li-ion batteries are now replacing traditional lead acid batteries in various fields. 


4.3.3.3 Market perspective 

Li-ion batteries will dominate the rechargeable battery market for at least the next decade, owing 
to their numerous benefits. One significant advantage is their design flexibility, as they can be 
manufactured in various shapes and sizes to best fit the available space within the devices. Unlike 
Ni-Cd batteries, Li-ion batteries are not affected by the memory effect. Furthermore, Li-ion batteries 
have significantly higher voltages, nearly three times those of standard Ni-based batteries. Because of 
the high single-cell voltage, fewer cells are required in a battery module or pack to achieve a specific 
output voltage. 


(a) (b 


Figure 4.8 Examples of lithium-ion batteries: (a) deep cycle battery, (b) mobile phone battery and (c) laptop battery. 
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Consequently, it reduces the need for additional hardware, enhancing reliability, weight savings, 
and reduced part count in the battery module or pack. Another notable advantage is Li-ion batteries' 
remarkably low self-discharge rate, typically less than 5% monthly. This is a substantial improvement 
compared to the 20-30% self-discharge rate of Ni-based batteries, further contributing to the favorable 
characteristics of Li-ion batteries (Dong et al., 2025). Figure 4.9 compares the specific and volumetric 
energy densities of various battery types. 


4.3.4 Sodium-ion batteries 

A sodium-ion (Na-ion) battery system is an energy storage system that charges and discharges 
using electrochemical reactions. These reactions take place between a positive electrode (cathode) 
containing layered materials composed of sodium and a negative electrode (anode) containing hard 
carbons or intercalation compounds. A porous material separates the electrodes, allowing ions to 
flow between them (Ellis & Nazar, 2012). They are submerged in an electrolyte, which can either be 
an aqueous medium like Na,SO, solution or a non-aqueous solution like salts dissolved in propylene 
carbonate. Sodium (Na) atoms within the cathode release electrons to the external circuit during the 
charging process, transforming into ions as shown in Figure 4.10. These transformed ions then move 
through the electrolyte, making their way toward the anode. At the anode, they join with electrons 
from the external circuit and interact with the layered material of the anode. This entire process is 
reversed when the battery is discharged. 

Due to the cost effectiveness, minimum environmental pollution and many cycles, sodium batteries 
are expected to be favored by energy storage and low-speed vehicles. The general applications of this 
type of batteries include solar energy storage systems, home energy storage systems, low-speed vehicle 
and electric boats. 
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Figure 4.9 Comparison of energy densities and specific energy of different rechargeable batteries. (Source: Dong 
et al. 2023). 
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Figure 4.10 Illustration of working principle of Na-ion battery. 


4.3.5 Zinc-air batteries 


Zinc-air batteries (primary battery) and zinc-air fuel cells (mechanically rechargeable) are metal-air 
batteries that oxidize zinc by absorbing oxygen from the atmosphere. These batteries have a high 
energy density and can be produced relatively cheaply. They come in various sizes, including tiny 
button cells designed for hearing aids and larger batteries that were formerly powered by mercury in 
film cameras, and even large-scale batteries used in electric vehicles and for storing energy on a grid 


level (Caramia & Bozzini, 2014). 


+ 
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Figure 4.11 Schematic representation of a zinc-air cell. 
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During the discharge process of these batteries, a set of zinc particles forms a porous anode which 
becomes infused with an electrolyte. At the cathode, oxygen from the surrounding air reacts, generating 
hydroxyl ions. These ions then migrate into the zinc paste and transform into zincate (Zn(OH)À ) 
, releasing electrons that travel toward the cathode. The zincate slowly degrades into zinc oxide and 
water before returning to the electrolyte. Importantly, the anode's water and hydroxyl are recycled at 
the cathode, so no water is used in this process. The chemical reactions theoretically produce a voltage 
of 1.65 V, but in practice, it is usually reduced to a range of 1.55-1.4 V. Zinc-air batteries have several 
applications due to their high energy density and cost-effectiveness (Shang ef al., 2022) (Figure 4.11). 


4.4 SUPERCAPACITORS 


4.4.1 Principles and operations 
Supercapacitors, also known as ultracapacitors or double-layer capacitors, are electrochemical energy 
storage devices with a very high-power density but a much lower energy density than batteries. This 
prepares them for ideal applications requiring short bursts of high power, such as hybrid vehicles, 
electric vehicles or electronic devices (Funabashi, 2016). 

Supercapacitors work by storing energy in the following two ways: 


4.4.1.1 Electric double-layer capacitance 

This is the dominant mechanism in most supercapacitors. It occurs when the positive and negative 
charges of the electrolyte are attracted to the positive and negative electrodes, respectively. This 
creates a control layer on each electrode, separated by a thin electrolyte layer. The thickness of this 
layer is only a few nanometers, which is why supercapacitors have such a high surface area-to-volume 
ratio (Jalal et al., 2021). 


4.4.1.2 Faradaic capacitance 

This mechanism is less common but can occur in supercapacitors that use active redox materials. In 
this case, the ions in the electrolyte can be oxidized or reduced at the electrodes, which stores energy 
in the form of chemical bonds (Conway, 1999). The charging and discharging of a supercapacitor can 
be done very quickly, which makes them ideal for applications that require high power but not a lot of 
energy (Shiraishi, 2005). 

Supercapacitors have several advantages, including high power density, fast charging and 
discharging rates, and a long-life cycle. Supercapacitors have a high-power density, which means 
they can deliver a large amount of power in a short period of time. This makes them ideal for high- 
power applications such as hybrid vehicles and electronic devices (Shiraishi, 2005; Soneda, 2013). 
Furthermore, supercapacitors can be charged and discharged very quickly, making them ideal for 
applications that require quick response times. They have a very long cycle life, which means that they 
can be used for an extended period of time without losing its ability to store energy (Shiraishi, 2005). 

But supercapacitors also have some drawbacks such as low energy density, high cost, and limited 
temperature range. The supercapacitors can only store a small amount of energy, that is they have 
a low energy density. This limits their use in applications requiring high amount of energy such as 
electric vehicles (Dong et al., 2025). Supercapacitors are currently more expensive than batteries. 
This is due to the high cost of the materials used to make them. But they are not as tolerant to high 
temperatures as batteries. This limits their use in applications with high temperatures (Kumaravel 
et al., 2021). 

Supercapacitors are widely used in many electrical devices and appliances, such as hybrid and 
electric vehicles, laptops, smart phones, and some energy-storing devices. In hybrid and electric 
vehicles, supercapacitors help to improve the fuel efficiency of the vehicles, reduce emissions, and 
extend the battery life and its range (Libich et al., 2018). Supercapacitors are also used in renewable 
energy sources such as wind and solar power generation. This can help to make these sources of 
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energy more reliable and affordable. Supercapacitors are a promising technology with a wide range of 
potential applications. As the technology continues to develop, supercapacitors are likely to become 
more widely used in a variety of applications (Yadlapalli et al., 2022). 


4.4.2 Supercapacitor electrode materials 

The electrode materials have a significant impact on the performance of supercapacitors. To achieve 
outstanding supercapacitor performance, the material's capacitance must be high. The capacitance of 
SC is determined by the effective surface area of the electrode material. However, because not all of 
the effective area is accessible to the electrolyte electrode, the capacitance of the electrode materials 
is not proportional to their effective surface area (Lobato et al., 2017). It is possible to designate the 
electrochemically accessible area as an active electrochemical surface area. Additionally, the pore size 
of the conducting materials determines the electrochemically active surface area and can be easily 
modified using nanostructures. According to the investigation, a maximum capacitance of 0.7 nm was 
achieved (Sharma & Kumar, 2020). 

When the pore size of electrode materials is increased, the distance between the pores also 
increases, leading to a decrease in capacitance. At some point, the pore size, the cross-sectional area, 
and the capacitance all become interdependent. Therefore, optimizing the pore size is crucial to 
achieve high capacitance while maintaining an appropriate distance between the pores (Heimbóckel 
et al., 2019). 

Moreover, the purity ofthe electrode materialis critical for achieving good cycle life and minimizing 
leakage current in supercapacitors. Contaminants in the electrolyte or electrode material can facilitate 
undesirable leakage current and subsequent self-discharge of the SC. While self-discharge may not 
considerably decrease output for simple-to-construct devices, it can still be a significant issue for more 
complex systems or applications that require long-term stability (Forouzandeh et al., 2020). 

The electrodes for supercapacitors are classified based on electrodes taken for each type of 
supercapacitor (see section 4.5). They are classified as EDLC electrode materials, pseudocapacitor 
electrode materials and hybrid supercapacitors electrode materials (Jalal et al., 2021) 


4.4.2.1 Electrode materials for EDLC 

The practical electrode materials for electric double-layer capacitors (EDLCs) are porous carbons, such 
as activated carbons (Funabashi, 2016). Although various electrode materials such as carbon materials, 
metal oxides, and conductive polymers are synthesized for EDLCs, activated carbon materials remain 
the most commonly used electrode materials for EDLCs due to their low cost and numerous industrial 
applications (Hung et al., 2022; Yang et al., 2020). The main EDLC electrode materials are activated 
carbon, carbon aerogels, graphene, and carbon nanotubes (CNT) (Forouzandeh et al., 2020). 


4.4.2.2 Electrode materials for pseudocapacitor 

Normally,thetransition metal oxides and electrically conductive polymersare used as pseudocapacitors' 
electrode materials. The main pseudocapacitor electrode materials are metal oxides (Co4O,, NiO, 
RuO,, MnO, and V5O,) and conducting polymers (like the polyaniline, polypyrrol and polyethylene 
dioxythiophene) (Jalal et al., 2021; Yi et al., 2018). 

The redox processes are used on the surfaces of the electro-active materials. At the same time, the 
redox reactions change by discharging and charging and are reliant on the electrode voltage. This 
method has a higher energy density and capacitance than EDLCs made entirely of carbon. But its 
life cycles are often undesirable and cancel out its advantages. Cycling problems have reduced the 
performance of pseudocapacitors, while EDLCs can reach upto 500,000 cycles (Yi et al., 2018). The 
performance of pseudo-capacitive devices decreases as cycling goes on, due to repeated chemical 
reaction cycles that damage the materials and change their shape unintentionally. To deal with this 
drawback, carbon supports were often used. 
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4.4.2.3 Electrode materials for hybrid supercapacitor 

Various materials have been used in hybrid SCs: the components of pseudocapacitors and EDLC 
materials that provide a chemical and physical charge storage process in one electrode are incorporated 
into composite materials, mixtures of conducting polymers, or metal oxides with carbon materials 
(Gupta et al., 2020). 


4.5 TYPES OF SUPERCAPACITORS 


Supercapacitors are classified based on the energy-storing technology used in it. They are divided into 
three groups (Figure 4.12). 


(1) Electrochemical double-layer capacitors (EDLC) 


(2) Hybrid capacitors 
(3) Pseudocapacitors 


Supercapacitors 


Types 
Electrochemical I 
Layer Capacitors Hybrid Capacitors 
(EDLC) 
= pee 
interface of electrode and adsorption/ desorption and 
electrolyte reversible faradaic reaction 


Figure 4.12 Supercapacitor types based on the energy storage mechanism. (a) EDLC, (b) pseudocapacitor and (c) 
hybrid capacitor. 
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4.5.1 Electrochemical double-layer capacitors 

The EDLC works with an electrochemical double layer mechanism, employing conducting polymers 
as electrodes. The supercapacitors have a higher power density of about 10 kW/kg and will be fully 
charged in a very short time, typically about 50-60s (Funabashi, 2016). EDLCs have two carbonaceous 
porous electrodes with high surface area and are separated by a very thin dielectric separator medium 
to reduce the distance between the electrodes (Figure 4.12a). The opposite static electricity is stored 
on each electrode and the dielectric separator restricts the electrons to transfer between the electrodes 
(Jalal et al., 2021; Shiraishi, 2005). The EDLCS charge in a short period and have long cycle life and 
shelf life. 

In an EDLC, the charge stored in the porous electrodes makes a potential difference between the 
electrodes, resulting in the ions in the electrolyte diffusing toward the surface of the opposite-charged 
electrodes and the separator. An electrical double layer is created between the electrodes and the 
dielectric medium, preventing ions' recombination in the electrodes. Although the increased surface 
area and reduced gap between the electrodes promote the energy density of the EDLCS, the electrical 
double layer provides its high energy density (Jalal et al., 2021). 

Even though its name shows an electrochemical process, the EDLCSs are not working with any 
electrochemical reactions: it is a non-Faradic phase process. The lack of electrochemical reactions 
inside the EDLCS helps it to withstand several millions of cycles of charging and discharging (Jalal 
et al., 2021). 


4.5.2 Pseudocapacitors 

Pseudocapacitors are supercapacitors that have metal oxide or conducting polymer electrodes (Jalal 
et al., 2021; Kurzweil, 2015) and high electrochemical pseudocapacitance materials (Figure 4.12c). 
They store charge by the Faradaic method, which transfers charge between the electrode and the 
electrolyte, like oxidation-reduction reactions. The electrode material undergoes reduction and 
oxidation when a potential is applied to a pseudocapacitor, because the charge goes through two 
layers. This makes the Faradic current flow through a supercapacitor cell (Chen & Lee, 2021). 

Pseudocapacitance is a term used to describe the capacitance in electrochemical capacitors that 
is much higher than what is expected by traditional interfacial models. The term ‘pseudo’ refers to 
the ideal, ‘electrostatic’, double-layer capacitance that is overlaid above Faraday's law-compliant, 
kinetically hindered, highly reversible charge transfer reactions at the solid-liquid interface (Kurzweil, 
2015). The thermodynamic function of the electric charge necessary for the evolution of an electrode 
process is determined by the potential. The derivative dQ/d4 represents a Faraday-type capacitance 
that is temperature, voltage, and frequency dependent. 

Pseudocapacitance is an important concept in supercapacitors, as it allows for higher specific 
capacitance and energy densities than what can be achieved with traditional interfacial models (Chen 
& Lee, 2021). Compared to EDLCs, pseudocapacitors can achieve higher specific capacitance and 
energy densities due to the Faradic process. 


4.5.3 Hybrid capacitor 

A hybrid capacitor is a specific type of supercapacitor with asymmetric electrodes, where one 
electrode mainly exhibits electrostatic capacitance and the other exhibits electrochemical capacitance 
(Figure 4.12c). These supercapacitors are known as hybrid capacitors, and they combine performance 
characteristics that were previously impossible to achieve. Hybrid capacitors integrate the best aspects 
of EDLCs and pseudocapacitors into a single supercapacitor, resulting in higher energy and power 
densities (Muzaffar et al., 2019). 

Although hybrid capacitors have been less studied than pseudocapacitors or EDLCS, efforts are 
being made to improve them and to produce more accurate quantitative models. The simple tuning 
of hybrid capacitors’ performance and design has allowed them to become the dominant class of 
supercapacitors, overtaking EDLCSs. There is an increased emphasis on developing high energy and 
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high cycle life supercapacitors, and hybrid capacitors are well-positioned to meet these demands. In 
addition to the increased emphasis on developing high energy and high cycle life, the simple tuning 
of hybrid capacitors’ performance and design allowed them to overtake EDLCs as the dominant SCs 
class (Chatterjee & Nandi, 2021). Combining the two types mentioned above yields the mechanism 
for storing charge. Asymmetric, composite, and battery-type hybrid capacitors were categorized into 
these three groups, which can be distinguished by their electrode design (Jalal et al., 2021). Based on 
their electrode design, hybrid capacitors are classified into three types: asymmetric, composite, and 
battery-type. By combining a pseudocapacitor electrode with EDLCs, asymmetric hybrid capacitors 
combine Faradic and non-Faradic processes. As a result, the carbon material is a negative electrode, 
while a conducting polymer or metal oxide is a positive electrode (Kumar et al., 2019). 

Carbon-based materials with polymer conduction or metal oxides are combined in a single 
electrode, resulting in an electrode with two types of energy storage mechanisms: chemical and 
physical. Composites can be classified as binary or ternary depending on whether the electrode is 
made of two or three materials (Jalal et al., 2021). 

Battery-type hybrid capacitors are a one-of-a-kind combination of a battery electrode and a SC 
electrode that are intended to provide both battery and SC characteristics in a single cell. By combining 
SC recharging times and battery properties, this design meets the demand for higher-power batteries 
and high-energy capacitors (Jalal et al., 2021; Zuo et al., 2017). 


4.6 APPLICATIONS OF BATTERIES AND SUPERCAPACITORS 


Batteries and supercapacitors have extensive applications in various industries and serve multiple 
purposes. These energy storage devices are mainly used in computers, tablets, and mobile phones. 
They also play a vital role in powering hybrid and electric vehicles. In medicine, batteries are used 
in cardiac pacemakers. In aerospace, they provide the energy needed for satellites and spacecraft. 
Batteries also store energy produced by solar panels and wind turbines in renewable energy systems. 

Unlike traditional batteries that cannot sustain high power density demands or support rapid 
energy release rates, ultracapacitors (or supercapacitors) excel in these traits. It makes them an 
essential innovation in various applications. The ability to charge and discharge energy much faster is 
critical when powering machinery that demands quick bursts of energy, such as regenerative braking 
systems found in electric vehicles. 

Additionally, supercapacitors are indispensable components of renewable-based electricity 
systems, requiring quick storage solutions for better energy management and power load balancing 
when facing rising fluctuations. These devices also offer reliable backup power sources necessary for 
the long-term survival of emergency equipment or uninterruptible power supplies (UPS), even when 
running at extreme temperatures. 


4.6.1 Portable electronics and consumer applications 
Portable electronic devices (PEDs) serve wide-ranging purposes, such as efficient data gathering 
or dissemination, which makes them essential components across industries. Batteries and 
supercapacitors are crucial in portable electronics, powering various consumer applications. PEDs 
have been using electrochemical energy storage systems, especially rechargeable batteries, for decades 
and have enjoyed a thriving growth in popularity (Li et al., 20182). Significant advancements in the 
electrochemical performances of rechargeable batteries have been made to meet the PEDs' constantly 
increasing requirements (Liu et al., 2018; Li et al., 2018b; Xie et al., 2017). Nickel-cadmium, lead- 
acid, nickel-metal hydride, lithium-ion, and other types of rechargeable batteries have all been used in 
PEDs (Figure 4.15). As time goes on, their unique energy and power are expected to further improve 
dramatically. 

The rapid expansion of PEDs means that existing battery technology needs to be able to keep up 
(Tarascon & Armand, 2001). Modern rechargeable battery technology for PEDs has revealed several 


78 Nanobiohybrids for Advanced Wastewater Treatment and Energy Recovery 


Figure 4.13 Applications of rechargeable batteries in traditional and emerging portable electronic devices. Source: 
Liang et al. (2019). 


problems, including low energy storage capacity, limited cycle life, and high self-discharge. These have 
become a limiting barrier to PED development (Cui et al., 2018; Chen & Fan, 2018). For example, 
multifunctional PEDs' high-power consumption necessitates energy storage systems with increased 
energy, greater efficiency, smaller space, lighter weight, and longer operational duration. However, the 
increasing demands of new electrical and electronic equipment put current batteries to the test. As a 
result, the practical design and fabrication of innovative batteries has been a relentlessly pursued goal 
for future PEDs. 

Lithium batteries dominate the energy storage sector due to their superior energy density. The 
consumer electronics industry has scaled production, optimized the supply chain, and reduced prices. 
However, lithium battery capabilities are being challenged as portable devices demand higher power 
density (Liang et al., 2019). The research aims to develop new high-energy density technologies, 
while alternative storage options like supercapacitors emerge as strong contenders to address lithium 
battery limitations (Riaz et al., 2021). 

Although less frequent in consumer electronics, supercapacitors are becoming more popular 
for specialized uses like portable speakers and camera flashes (Behera, 2022). Due to their quick 
energy storage and release, they offer short bursts of power for bright flashes or high-quality music. 
Additionally, their extended cycle life makes them appropriate for applications requiring frequent 
charging and discharging, providing customers with long-lasting performance. 


4.6.2 Mobility of the future 

4.6.2.1 Electric vehicles and hybrid vehicles 

Because of their ability to store large amounts of energy in a compact and lightweight form while 
providing sufficient power for various applications, batteries are commonly used as vehicles’ primary 
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electrical energy storage devices. Despite having a limited shelf life and cycle life, batteries have 
remained the preferred choice due to the lack of a viable alternative. However, rising power demands 
in many applications have outstripped the capabilities of standard batteries, necessitating the 
development of specialized high-power pulse batteries. Power output is prioritized in these pulse 
batteries, but energy density and cycle life are frequently sacrificed. Supercapacitors have emerged as a 
viable alternative to pulse batteries, providing significantly higher power capabilities and significantly 
longer shelf and cycle life than batteries (Rajagopal et al., 2022). 

Figure 4.14 shows a simplified schematic illustration of an emergent all-electric architecture. Both 
supercapacitors and batteries can store electrical energy. The discharge of electric energy storage via 
electrical systems supplying power to the wheels is depicted by red arrows. Green arrows indicate 
the reverse when power from the wheels charges the electric energy storage while braking. Blue 
arrows show power sharing between device types. The motor receives current as needed, which 
drives the wheels to accelerate the vehicle. The current from the supercapacitor bank flows through a 
bidirectional DC/DC converter to regulate the voltage so that it can be matched to the battery bank 
as needed, managing the current flow between them. Both electric energy storage systems are linked 
to inverters. These transform DC into the AC needed to power the motor. 


4.6.2.2 Aerospace applications 

Battery and supercapacitor technologies are widely used in aerospace applications to provide reliable 
and efficient energy storage solutions. Batteries are critical in aircraft applications for powering 
numerous onboard systems, such as avionics, lights, communication equipment, and emergency 
backup systems (Sahoo eft al., 2020). For example, lithium-ion batteries have a greater energy density 
and a long cycle life, making them ideal for powering electric propulsion systems in aircraft and 
spacecraft. They can store significant amounts of energy for longer periods, allowing for long-distance 
flights. Furthermore, batteries are essential in electric ground support equipment, lowering emissions 
and enhancing airport operating efficiency. 

Supercapacitors are also extensively used in aerospace. Due to their high-power density and rapid 
charge- discharge characteristics, they are useful for applications needing brief bursts of energy, such as 
powering actuators, launching systems, and emergency backup systems. Supercapacitors can produce 
large power outputs in short bursts, improving critical system performance and responsiveness. 
Because of their capacity to survive extreme weather conditions, vast temperature ranges, and 
vibrations, they are trusted energy storage devices in aerospace, where durability and robustness are 
critical (Mohsan et al., 2025). 


Battery 
Electric — 
Vier Motor 


Figure 4.14 Electric vehicle powertrain. Source: Horn et al. (2019). 
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4.6.3 New energy technologies 

4.6.3.1 Renewable energy integration 

In recent years, renewable energy sources have gained significant attention because of their potential 
to mitigate climate change and reduce dependence on fossil fuels (Gielen et al., 2019). Due to their 
intermittent nature, these energy sources pose a challenge for energy storage and management. Battery 
and supercapacitor technology plays a crucial role here (Tan et al., 2021). When supercapacitors 
are integrated with renewable energy systems, such as solar panels or wind turbines, excess energy 
generated during peak production periods can be stored in supercapacitors and released when demand 
exceeds supply (Yadlapalli et al., 2022). 

In contrast, batteries are widely used in renewable energy systems to store long-term energy 
(Dowling et al., 2020). They can store more energy for extended periods than supercapacitors because 
they have higher energy densities. Batteries, particularly lithium-ion batteries, can deliver a steady 
power supply even when renewable energy production is low (Chen et aL, 2020). During off-peak 
hours, they can be charged with excess renewable energy and discharged during periods of high 
energy demand. Integrating batteries with renewable energy systems ensures a smooth transition from 
fossil fuel-based energy sources to renewable energy sources. 

Supercapacitors and batteries work well together to integrate renewable energy sources. 
Supercapacitors perform very well in high-power applications like storing energy from jolting wind 
gusts or intermittent solar panel output surges. They are the best at coping with changes in energy 
production and demand since they can charge and discharge quickly. On the other hand, batteries offer 
long-term energy storage and can meet lower power demands over lengthy periods. Supercapacitors 
and batteries are combined to create a hybrid energy storage system to ensure a dependable and 
effective integration of renewable energy sources into the grid (Díaz-González et al., 2022). 


4.6.3.2 Grid-scale energy storage 

Grid-scale energy storage is essential for balancing renewable energy sources' intermittent nature 
while maintaining a consistent and predictable power supply (Al Essa, 2020). Supercapacitors 
and batteries are two significant technologies used in this area. When used for grid-scale energy 
storage, supercapacitors have various advantages. They have a high-power density, allowing them to 
easily manage rapid charge and discharge cycles. Because of this property, supercapacitors are well- 
suited for dealing with short-term changes in electricity demand, offering quick response times, and 
smoothing out power oscillations in the grid. Furthermore, because supercapacitors have a long cycle 
life, they can withstand repeated charge-discharge cycles without significant degradation, making 
them durable and reliable grid-scale energy storage components (Kumar et al., 2022). 

Batteries, on the other hand, are a popular grid-scale energy storage solution (Posada et al., 2017). 
Battery systems, such as lithium-ion batteries, have a high energy density, allowing for storing large 
amounts of energy for extended periods. This property makes batteries appropriate for applications 
that require sustained power delivery over extended periods, such as when renewable energy 
generation is low or demand is high. Batteries can also store excess energy during surplus and release 
it during peak demand, assisting in grid balancing and improving overall system efficiency (Mitali 
et al., 2022). 

Hybrid energy storage systems are being developed to maximize the benefits of both supercapacitors 
and batteries (Díaz-González et al., 2022). These systems combine the high-power density of 
supercapacitors with the high energy density of batteries to provide a comprehensive solution that 
addresses both short-term power fluctuations and long-term energy storage requirements. Grid 
operators can optimize the storage system based on individual grid needs by leveraging the unique 
properties of both technologies, striking a balance between power quality, response time, and energy 
capacity. These hybrid systems have the potential to improve grid stability, increase the integration 
of renewable energy sources, and increase overall grid resilience in the face of fluctuating demand 
(Worku, 2022). 
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4.6.4 Defence application 

Batteries and supercapacitors are vital components in modern defence applications, ensuring 
maximum performance, mobility, and dependability in a wide range of military equipment (Zhang 
et al., 2022). As defence technologies advance, the synergy between these energy storage systems 
continues to be essential for ensuring national security, promoting innovation, and ensuring the 
success of military operations. 

In defence, batteries are essential energy sources across various uses, including communication 
tools, night vision gear, and missile guidance systems. Notably, lithium-ion batteries provide substantial 
energy density and extended operational longevity, fueling essential electronics over prolonged 
durations. This capability facilitates effective soldier connectivity and navigation in demanding terrains, 
thus amplifying situational awareness and mission accomplishments. Furthermore, innovations like 
solid-state batteries are driving the development of safer and more compact energy storage options, 
particularly crucial for wearables and unmanned aerial vehicles (Liang et al., 2023). 

Conversely, supercapacitors excel at rapidly delivering bursts of power, making them useful in defence 
systems that demand rapid energy discharge. Supercapacitors provide essential high-power output in 
applications such as electromagnetic railguns or laser weapons, requiring enormous energy in short 
bursts (Burke & Zhao, 2021). Their capacity to withstand many charge and discharge cycles without 
substantial deterioration extends the lifespan of military equipment. Supercapacitors are also used in 
hybrid propulsion systems for military vehicles, where they optimize energy utilization and reduce fuel 
consumption, contributing to increased operating efficiency and reduced environmental impact. 


4.7 CONCLUSION 


Batteries and supercapacitors are the prominent devices to store energy using electrochemical 
methods. Here we discussed about the different types of electrical energy storage devices and their 
working methods and electrochemistry. Batteries are working with the conversion of electric charge 
into chemical charge and vice versa. Batteries have higher energy density and lower power density, 
whereas supercapacitors have higher power density. It delivers power to the external circuit but stores 
very little amount of energy. The combinations of both batteries and supercapacitors are used in many 
electronic devices and have a variety of applications in the mobility, aerospace and renewable energy 
sector as well as in daily electrical appliances. 
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ABSTRACT 


To deal with emergencies like water shortages and water pollution, scientists have worked on making materials 
and technologies that function well enough. The current technologies are not ‘100%’ efficient at providing potable 
water. Therefore, it is essential to come up with new and better ways to purify water. Nanotechnology offers 
inventive water treatment techniques. Nanomaterials are fabricated with useful properties for adsorption, 
catalysis, sensing, and optoelectronics applications, such as reactivity, high-aspect ratio, controlled pore volume 
as well as electrostatic, hydrophilic, and hydrophobic interactions. Anions, metal ions, microorganisms, and 
organic compounds can be eliminated using nanoparticles (NPs). Minimal NP concentrations are required for water 
treatment, making their application cost-effective. Biopolymeric materials have a number of advantages over their 
synthetic counterparts due to their easy biodegradability and low impact on the environment. Because of their 
minimum toxicity, improved adsorption capability, excellent biodegradability, significant photocatalytic potential 
and biocompatibility, nanobiohybrids have a significant role in the field of water and wastewater treatment. This 
chapter summarizes various production methods of diversified nanobiohybrids synthesized in recent years, with a 
particular focus on nanobiocomposites. 


Keywords: adsorbent, nanobiohybrid, nanobiocatalyst, nanomaterials, nanotechnology, pollutant, wastewater 
treatment 


5.1 INTRODUCTION 


Water is the most valuable resource of human existence, and potable water provision is a necessity for 
all humans. There is widespread agreement that the water crisis and pollution are major issues that 
require urgent attention. Large volumes of wastewater from human habitations and industrial processes 
are the most common cause of water pollution. About 80% of all municipal and industrial effluents 
are discarded without much pretreatment, which either directly or through indirect means makes 
the water polluted (Joshi et al., 2021). Organic, inorganic, and biological pollutants all exist in water. 
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Numerous environmental pollutants are known to be poisonous and carcinogenic, with consequently 
disastrous consequences for human health and natural environments. Heavy metals are well-known 
contaminants because of their extreme toxicity. Among the compounds that may be present in 
wastewater and difficult to remove are persistent organic pollutants (POPs). Organic compounds that 
are resistant to being broken down by chemical, photolytic, or microbiological degradation are known 
as POPs. They are distinguished by their toxicity, semi-volatility, hydrophobicity, bioaccumulation 
and prolonged persistence in the environment. Emerging pollutants include solvents such as colouring 
agents, insecticides, and industrial chemical by-products with a variety of elemental compositions, such 
as dioxins, polycyclic aromatic hydrocarbons (PAHs) and perfluorinated compounds (Trojanowicz, 
2020). It is essential to safeguard natural water systems, wildlife, humans, and vegetation from 
harmful contaminants. Conventional effluent treatment technologies, such as adsorption, membrane 
filtration, electrocoagulation, flocculation, and coagulation have been vastly enhanced over the last 
several decades to overcome their inefficiencies. 

In recent years, a new variety of diversified materials known as nanomaterials (NMs) has quickly 
seized market share in several key sectors. The electronics business, the manufacturing sector, and 
the environmental protection sector have all reacted positively to NMs. There has been extensive 
worldwide use of nanoelectronic components, nano-pharmaceutical goods, and nanoadsorbents. 
Nanohybrids have been developed as advantageous alternatives to vanquish the constraints of many 
engineered materials in the present day. Nanohybrids are classified according to their scattered 
matrices and phase materials (Rizwan et al., 2022). Recent progress in nanotechnology has shown that 
a wide variety of techniques, including mechanical, chemical, combustion, microwave, sonochemical, 
and sol-gel can be utilized to create nanomaterials. 

The term nanobiocomposites was introduced to express a new class of nanobiohybrid materials 
formed by the nanoscale reinforcement of biopolymers like nucleic acids, proteins (gelatin, gluten, 
casein, and soy), lipids (cutin), and polysaccharides (cellulose, chitosan, glycogen, pectin, and alginate). 
When compared to other synthetic materials, biopolymeric materials excel due to their greater 
biodegradability and environmental friendliness. Physical, mechanical, and chemical properties of 
these natural substances make them suitable for extensive usage in food, medical, pharmaceutical, 
and environmental applications. The development of biopolymeric components for commercialization 
in several domains, such as the food industry, cosmetics industry, pharmaceuticals industry, and 
petroleum industry are receiving a significant amount of focus from scientists. In this chapter, 
emphasis is given on the preparation method of various nanobiohybrids along with their application 
in the field of water and wastewater treatment as adsorbent and biocatalyst. 


5.2 PRODUCTION OF NANOBIOHYBRIDS 


Nanobiotechnology is being applied in the area of environmental engineering, specifically as it 
pertains to the combination of biological components with nanomaterials for the synthesis of novel 
nanobiohybrid materials with a high capacity for water and wastewater purification. Biomolecular 
species and inorganic nanocomponents are assembled to create nanobiohybrid materials. The 
diverse chemical compositions, structures, and textures of inorganic solids assembled with biological 
species identify the characteristics of the nanobiohybrids that are developed. The inorganic parts of 
nanobiohybrids are typically single elements such as transition metals and carbon particles, metal 
oxides and hydroxides, silica, silicates, carbonates, and phosphates. The interaction mechanism that 
governs the production processes is the bonding between the inorganic and organic equivalents, which 
determines the stability of the ensuing nanobiohybrids. Hydrogen bonding and metal complexing 
are the major mechanisms responsible for the coating of micro- or nano-particulated materials with 
biopolymers (Ruiz-Hitzky et al., 2008). Figure 5.1 shows various biocomponents of nanobiohybrids 
along with their sources and the governing mechanisms. 


Nanobiohybrids using organic nanoparticles for applications in water and wastewater treatment 89 


Bio-component of 
Bionanohybrid 


cue + Si 
Gelatin m^ d 


ng 


Chitosan We s E: metal j € E 
Pectin e TE » Le beet 
Silk Si eO 


t - | 


: 
E 


Figure 5.1 Biopolymeric component of nanobiohybrids, their sources and major mechanisms involved in 
nanobiohybrid formation. 


5.2.1 Nanohybrids based on cellulose 

Cellulose is very common, mostly non-toxic, and the most easily broken-down polymer made from 
carbohydrates. Cellulose is hydrophilic, but it does not dissolve in water, and its unique structure and 
properties make it applicable in various fields. Furthermore, cellulose imparts strength and rigidity to 
the cell structure. Several nanocellulose modifications are reported for nanohybrid synthesis, which 
is widely used for effluent treatment, and these nanohybrids exhibit exceptional adsorption of various 
contaminants (Daochalermwong et al., 2020). The maleic acid cellulose-based nanohybrid (MA-CNC) 
is synthesized when the cellulose nanohybrid is combined with maleic anhydride (Kara et al., 2021). 
Through H,SO, hydrolysis, cellulose nanocrystalline (CNC) and maleic anhydride-functionalized 
cellulose nanocrystalline (MA-CNC) were obtained using the weed Eichhornia crassipes. A probable 
mechanism can be depicted in equation (5.1) (Rizwan et al., 2022): 


Cd?* (ag) + R(OH,CO,COOH) — Cd(R(OH,CO,COOH)) (5.1) 


The absorption process was aided by physicochemical interlinkages between -OH and carbonyl 
moieties on the surface of CNC, and due to the Cd(II) ions’ electrostatic interaction with these 
molecules. 

A hydroxyethyl methacrylate modified cellulose nanohybrid (HEMA-CNC) was produced when 
hydroxyethyl methacrylate was combined with a cellulose nanohybrid using a microwave-assisted 
grafting copolymerization technique (Gouda & Aljaafari, 2021). Another study shows fabrication of 
the kaolinite-cellulose and cobalt oxide-based nanohybrid (Kao-Cel/CO,O,) (Hussain et al., 2022). 
Berberis lycium leaf extract was used as a reducing and capping agent for cobalt oxide precipitation 
in ethanol over kaolinite-cellulose clay (Kao-Cel). In this study, ion-exchange, chelation, and 
electrostatic interactions phenomena were collectively responsible for the adsorption of contaminants 
onto the nanohybrid surface. 
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5.2.2 Nanohybrids based on gelatin 

Gelatin is a polypeptide extracted from animal materials like the skin and bones of pigs and cattle 
with a translucent appearance and has a high molecular weight. It is biodegradable, non-toxic, and 
gelatinous when exposed to moisture. Partially denaturing collagen with acid or alkaline hydrolysis 
allows for its extraction. Gelatin can be utilized as polymeric backbones due to its exceptional water- 
retention capacity, film formation, and emulsification. Gelatin has carboxyl, hydroxyl, and amino 
groups in its structure (Chen et al., 2014). By combining gelatin and siloxane, gelatin-siloxane hybrid 
composites (GSHC) were created (Wojciechowska & Cierpiszewski, 2022). During the preparation 
of GSHC, -NH, and -COOH groups of gelatin were chemically synthesized with siloxane. In another 
study, a cross-linking technique was used to make a porous nano-silver/gelatin-poly (acrylic acid) 
nanohybrid (NPGESNC-AcA) hydrogel (Dil & Sadeghi, 2018). 


5.2.3 Nanohybrids based on chitosan 

Chitin is the second most common biopolymer after cellulose found in the exoskeleton of arthropods, 
crustacean shells, and the cell wall of fungi. Chitosan is a polysaccharide with amino groups. It is 
made by deacetylating chitin, which means making amine groups from acetamide groups. Due to 
its unique properties, such as biodegradability, exceptional mechanical strength, great recyclability, 
biocompatibility, and non-toxic behaviour, chitosan has been used in a wide variety of contexts 
(Rizwan et al., 2022). Spent coffee grounds and shrimp shells were used to create magnetic activated 
carbon/chitosan (MACCS) by combining chitosan and magnetic activated carbon (Le et al., 2020). 
Recently, the 8-cyclodextrin-ethylenediaminetetraacetic acid-chitosan (8-CD-EDTA-CS) polymer was 
combined with a multifunctional nanohybrid using cross-linking (amindation reaction) (Verma et al., 
2022). In another study, nanohybrid beads were produced when graphene oxide (GO) and chitosan 
(Ch) were modified with iron oxide (Fe;O;) nanoparticles (NPs) (Fe;0,-GO/Ch) via a simple chemical 
modification (Mishra & Tripathi, 2022). A hydrothermal method is used to synthesize Fe;O, NPs and 
with Hummer’s method graphene oxide was produced using ferric chloride as the iron precursor. At 
the onset of polymerization, Fe;0,-GO was introduced to the chitosan solution, and glutaraldehyde 
was used as a cross-linking agent to create Fe;0,-GO/Ch NPs. 


5.2.4 Nanohybrids based on pectin 

Pectin is found in the cell membranes of plants and is a high-molecular-weight anionic linear 
polysaccharide that is biodegradable and non-toxic. Chains of d-galacturonate molecules linked by 
a-(1-4) glycosidic links give rise to pectin. These links spread out -COOH/-OH groups along the 
backbone of the molecule (Kayan & Kayan, 2021). In a study, nanobiohybrid gel beads of chitosan- 
pectin were synthesized by employing a simplistic cross-linking approach (Shao et al., 2021). In 
another investigation, the nanobiohybrid of pectin was combined with graphene oxide to produce a 
pectin-graphene oxide nanocomposite (Pc/GO) by applying the sol-gel method (Kaushal et al., 2020). 
Using an environmental-friendly synthesis, a nanocomposite gel was obtained when a copolymer gel 
based on pectin was incorporated with silver NPs. When pectin in aqueous solution is combined with 
silver nitrate and accompanied by microwave irradiation, this yields silver NPs. The nanocomposite 
hydrogel was developed by polymerizing 2-acrylamido-2-methyl-1-propane sulphonic acid (AMPS) 
and acrylamide (AAm) in a pectin solution that included silver particles while microwave heating 
(Kodoth & Badalamoole, 2020). 


5.2.5 Nanohybrid based on silk protein 

Naturally occurring polymer silk (Bombyx mori) is a material that mainly contains fibroin and 
sericin (a protein having adhesive properties). Various organisms, such as silkworms, spiders, flies, 
and silverfish are good sources for sericin. The heavy H-chain (390 kDa) and the light L-chain 
(26 kDa) of silk fibroin are linked by a disulphide bond (Wahab et al., 2019). In a study, using the 
sol-gel technique, silica-gelatin aerogels were prepared that is both inexpensive and environmental 
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friendly (Herman et al., 2020). The aim was to synthesize gelatin containing aerogels along with 
open mesoporous structures. In another study, a simple chemical cross-linking technique was used 
to create a functional hydrogel of silk fibroin/poly-ethylenimine (PET) which is also a low cost and 
sustainable nanobiohybrid (Godiya et al., 2019). 


5.3 NANOBIOHYBRID APPLICATIONS IN WATER AND WASTEWATER TREATMENT 


5.3.1 Nanobiohybrids as adsorbent 

Adsorption is a surface phenomenon that involves the shift of contaminants onto a solid surface. In 
general, physical forces are responsible for adsorption, but this can sometimes be attributed to feeble 
chemical bonds. Particle size, contact time, temperature, initial metal concentration, adsorbent dose 
and pH are some of the variables influencing the process of adsorption. It is possible that the surface 
area and lack of selectivity of conventional adsorbents limit their effectiveness (Goyal et al., 2011). In 
order to address the limitations of conventional adsorbents, researchers developed nanoadsorbents for 
wastewater treatment. Nanoadsorbents have a wide range of physicochemical qualities. These include 
conductivity, catalytic activity, a large surface area, high chemical reactivity, selectivity, magnetic and 
optical properties (Sharma et al., 2022). Figure 5.2 shows the physical and chemical interaction for 
adsorption of various contaminants by nanobiohybrids. 

In the past decade, a variety of wastewater treatment methods, including precipitation, advanced 
oxidation, ozonation, membrane filtration, ion exchange, flocculation-coagulation, and oxidation 
have been investigated but they have numerous disadvantages, including high energy costs, material 
regeneration, by-product production, and disposal requirements. Nanoadsorbents are NPs derived 
from organic or inorganic sources with a high adsorption affinity. They are extremely efficient at 
removing contaminants of all various molecular sizes because of their enormous specific surface area, 
active surface, and porosity. Regeneration is also a crucial characteristic of nanoadsorbents. A range 
of nanoadsorbents are utilized for wastewater treatment. They have been found to be exceptionally 
effective at removing pollutants from effluents (Sharma et al., 2022). It is therefore impossible to 
conduct a direct comparison of capacity because they are reliant on several variables, including the 
shape and size of the NPs as well as working variables such as pH, temperature, reaction time, and 
experimental design. Titania nanotubes, ordered mesoporous carbon (OMC), carbon nanofibres, 
graphene, and carbon nanotubes are a few of the well-known nanomaterials used in wastewater 


Electrostatic Forces 


Diffusional Forces ES MU == 
Van der Waal Forces Em ` Age 


Coordination Cr — (Ho. > á mg Functional Groups 
p : ( Sorbent Surface y (NH; S. 4 Ni Responsible for Metal 
teraction p " Cem e 


Cation-7 Interaction €) 4coos) Ç — coo COOH] Çe 
Ion-exchange 
Acid-Base Interaction 


Figure 5.2 Physical and chemical interface for adsorption of various contaminants. 
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Figure 5.3 Water and wastewater effluent treatment using different nanoabsorbents. 


treatment (Sharma et al., 2022). A higher concentration of surface defects results from the large 
surface area, which promotes interaction with pollutants. NPs are occasionally coated with extra 
coating agents to enhance their adsorption properties. In Figure 5.5, the treatment of water and 
wastewater using various nanoadsorbents is given. 

The development of hybrids of biopolymers with other nanomaterials generates biopolymeric 
nanohybrids or nanobiohybrids with exceptional morphological, structural features and physiochemical 
behaviour. In recent years, the application of nanobiohybrids in wastewater treatment has evolved 
significantly. Heavy metals are the major target contaminant that is removed by nanobiohybrids. 
Nanobiohybrids have a substantial surface area and reliably eliminate metal ions in soluble state. In 
addition, nanobiohybrids have the ability to form films; activated functionalities, and high catalytic 
and adsorptive capacity are the other advantages. Biopolymers do not have much elasticity and are 
not very strong, so they can be mixed with other materials and modifiers to make them better at 
absorbing heavy metals. In Table 5.1, the adsorption efficiency of various nanobiohybrids along with 
their preparation methods and properties are tabulated. 

It is hard to compare different nanobiohybrids because their structures are different and their 
optimum conditions for adsorption of different contaminants are different. The inference is that the 
type of configuration and adsorption conditions affects how well nanobiohybrids can absorb and how 
well they can be used again in a new adsorption cycle. 

In Figure 5.4a, the adsorption capacity of different categories of nanobiohybrids for removing 
Pb(II) is analysed and cellulose-based nanobiohybrids show maximum adsorption capacity for Pb(II). 
Figure 5.4b shows adsorption capacity of different categories of nanobiohybrids for removing Cd(II). 
Cellulose-based nanobiohybrids also show better results for Cd(II) removal. This could be due to the 
unique property of not dissolving in water even though it is hydrophilic. Also, its distinctive structure 
could possibly make it more efficient for adsorbing contaminants. 


5.3.2 Nanobiohybrids as catalyst (nanobiocatalysis) 
Ithasbecome evidentthata combined approach of producing carrier-based nanostructured biocatalysts 
can serve as a nanobiocatalysis interface. A novel technique referred to as nanobiocatalysis has the 
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Table 5.1 Synthesis method and adsorption capacity of various nanobiohybrids for effective removal of target 
pollutant. 


Nanobiohybrid Preparation Surface Target Adsorption References 
Method Area (m?/g) Pollutant Capacity 
(mg/g) 
Kaolinite-cellulose/cobalt Facile chemical 85.92 Pb(IT) 295.67 Hussain ef al. 
oxide (Kao-Cel/Co;0,) method Cd(II) 267.84 (2022) 
Gelatine-siloxane hybrid Facile chemical _ Cu(II) 1.76 Wojciechowska 
monoliths method Cd(ID 1.50 and 
Cierpiszewski 
Pb(II) 3.75 (2022) 
8-Cyclodextrin- Cross-linking 2.39 Hell 346.30 Verma et al. 
ethylenediaminetetraacetic method ` Cd(II) 202.90 (2022) 
acid-chitosan (amindation 
(B-CD-EDTA-CS) reaction) 
Magnetic iron NPs/ Polymerization 39.80 Pb(II) 187.00 Mishra and 
graphene oxide-chitosan ^ and cross linking, Tripathi (2022) 
(Fe3O,-GO/Ch) Hummer's 
method, 
Hydrothermal 
treatment 
Maleic anhydride Hydrolysis using 123.90 Cd (II) 2715952 Kara et al. 
Nanocellulose (MA-CNC)  sulphuric acid (2021) 
Hydroxyethyl Grafting = Cd (I) 840.00 Gouda and 
Methacrylate-modified copolymerization Pb(II) 926.00 Aljaafari (2021) 
Cellulose nanofibres assisted by 
(HEMA-CNC) microwave- 
assisted technique 
Chitosan-pectin gel beads Facile cross S Cu(II) 169.40 Shao ef al. 
linking Cd(II) 177.60 (2021) 
Hg(II) 208.50 
Pb(II) Se 
Magnetic activated Chemical method 105.74 Ni(II) 108.70 Le et al. (2020) 
carbon/chitosan 
(MACCS) 
Dual-responsive pectin/ Sol-gel technique _ Cr(III) 3333.00 mol/g Kaushal et al. 
graphene oxide (Pc/GO) (2020) 
Silver NP embedded Microwave- 8 Cu(II) 111.00 Kodoth and 
pectin-based hydrogel assisted Pb(II) 130.00 Badalamoole 
polymerization (2020) 
Silica-gelatin aerogels Sol-gel technique 910-60 Hell 209.00 Herman et al. 
(2020) 
Silk Fibroin/ Cross-linking T Cu(II) 165.90 Godiya et al. 
polyethylenimine technique Pb(II) 185.20 (2019) 
functional hydrogel Cd(II) 169.50 
Zn(II) 125.00 
Ni(II) 140.00 
Ag(II) 200.00 
Nanosilver/gelatine-poly ^ Cross-linking m Cu(II) 147.10 Dil and 
(acrylic acid) nanohybrid technique Sadeghi (2018) 


(NPGESNC-AcA) 
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Figure 5.4 Adsorption capacity of various nanobiohybrids for (a) Pb(II) and (b) Cd(II). 


ability to enhance the structure and manufacturing of nanoscale catalysts with enhanced catalytic 
properties for use in multipurpose bioprocessing. In addition, nanocomposites with distinct physical, 
functional, chemical, and structural properties have contributed significantly to imitating the 
microenvironment of enzymes. By adjusting the enzyme's microenvironment with nanobiocatalysis, 
greater selectivity and specificity can be attained. Nanobiocatalysis is achieving popularity as a potent 
biocatalysis benchmark with many strictly controlled properties, such as stability, selectivity, induced 
activity, specificity, resistivity, reaction efficiency, optimal yield, multi-usability, high catalytic turnover, 
enhanced mass transfer efficiency, ease of recovery and cost-effectiveness (Bilal et al., 2021a). 
Enzymes are highly effective and powerful catalysts which are widely applied throughout research 
and industry. The extraordinary selectivity, activity and sensitivity of enzymes makes them potential 
biocatalysts for a vast range of fascinating applications, including biocatalysis and in the field of 
medicine (Ayub et al., 2022). Enzymes are not merely well-developed catalysts but are a part of the 
regulatory system of the cell and hence can detect matter other than their specified substrate as well 
as the product. Biocatalysis is the enzymatic transformation of substrates which are biochemicals in 
nature into the target product. The significant barriers of nanobiocatalysts may be eliminated through 
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Figure 5.5 Different types of materials used in nanobiocatalysis. 


the use of enzyme immobilization, a method to lower the overall production expenses of a process by 
streamlining and improving repetitive batch procedures and subsequent processing. Based on enzyme 
immobilization, nanobiocatalysts can be classified into four categories which are shown in Figure 5.5. 


5.3.2.1 Polymeric nanobiocatalyst 

In recent times, researchers encased individual enzymes in particular enzyme NPs. Within a NP, the 
enzyme was rendered stable by a thin shell, either undisturbed from the surface of the enzyme or by 
forming a polymer around it beforehand (Chapman & Stenzel, 2019). When compared to the use of 
other support materials, immobilizing enzymes using nanosupports based on polymers has numerous 
benefits. Nanobiocatalysts with improved stability and multiple functions are now available, owing to 
large-scale manufacturing and an abundance of activated functional groups (Ayub et al., 2022). Due 
to their changing physical characteristics and unpredictability of molecular size, polymeric materials 
are inappropriate for biocatalytic immobility. In contrast, nanostructured polymers have several 
distinctive characteristics that render them suitable for multifunctionality, recycling, and enzyme 
stabilization. Laccase molecules have been blended into bacterial nanocellulose networks employing 
soaking and adsorption processes. Utilizing bacterial nanocellulose immobilized laccase, dye effluent 
from textile industry was decoloured. A horizontal rotating reactor enabled improved reusability of 
immobilized enzymes, enhanced detoxification, and decrease of COD and carbon, indicating that it 
has great potential for dye discharge decolorization (Yuan et al., 2020). 


5.3.2.2 Silica-based nanobiocatalysts 

The adaptability of mesoporous silica materials in terms of their structural and textural properties 
is gaining increasing interest. These characteristics include surface area, volume, particle, and pore 
size. An innovative laccase enzyme carrier pathway with 8390 immobilization yield is an excellent 
nanobiocatalyst for wastewater management and dye removal (Wehaidy et al., 2019). 


5.3.2.3 Carbon-based nanobiocatalysts 

Carbon-based nanobiocatalysis has been utilized extensively for enzyme immobilization due to its 
inertness, biocompatibility, and thermal stability. The development of a novel multi-walled carbon 
nanotube (MWCNT)/cordierite composite support was studied (Li et al., 2017). MWCNTs were 
effectively loaded onto a cordierite matrix using a noncovalent self-assembly technique involving 
the amination reaction of N-aminoethylaminopropyltrimethoxysilane. Both the surface and interior 
cavities of the cordierite matrix were loaded with MWCNTs. Physical adsorption was effective in 
immobilizing horseradish peroxidase (HRP) upon this composite support. In another study, by adding 
chitosan to halloysite, a naturally occurring nanotubular aluminosilicate, chitosan-halloysite hybrid 
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nanotubes (CTS-HNT) were developed (Zhai et al., 2013). The horseradish peroxidase enzyme was 
immobilized using CTS-HNT as it is a natural, plentiful, inexpensive, and environmentally favourable 
resource. The horseradish peroxidase immobilized on CTS-HNT was able to retain its activity over 
a wide range and exhibited exceptional storage stability. While horseradish peroxidase that was 
immobilized on CTS-HNT has been employed to eliminate phenolic compounds from wastewater, 
it showed a significantly high efficiency and removal rate, indicating that CTS-HNT immobilized 
horseradish peroxidase systems are efficient as a wastewater treatment solution. 


5.3.2.4 Metal-based nanobiocatalysts 

As an approach of constructing biocatalytic systems, metal-based nanoparticles (MNPs) have 
attracted significant interest. MNPs have exceptional enzyme recycling ability. Surfaces of MNPs were 
formulated and synthesized by adding groups like thiolate, amino phosphate, or carboxylate to create 
strong interface bonds with biocatalysts and enhance the immobilization yield (Bilal et al., 2021b). 
In a study, tyrosinase-MNPs were utilized as a magnetic nanobiocatalyst to remediate wastewater 
containing phenolic compounds. The effect of temperature, pH, catalyst dosage, reusability, and initial 
phenol concentration on the phenolic compound removal efficiency of the fabricated nanobiocatalyst 
was analysed. The results demonstrated that the specific concentration of nanobiocatalyst could 
degrade phenolic compounds over a broad pH and temperature range (Abdollahi et al., 2018). More 
than 70% of phenol was degraded by the immobilized tyrosinase when a very high concentration of 
the substrate (2500 mg/L) was applied for phenol removal (Abdollahi et al., 2018). 


5.4 CONCLUSION 


Atthis point in time, we are in need of water purification methods that can supply high-quality drinkable 
water, eliminate micropollutants, and intensify the processes involved in industrial processes. This 
is made possible by nanotechnology; the one-of-a-kind characteristics of NPs make them excellent 
candidates for the development of a technology for rapid water treatment. NPs have the ability to 
eliminate anions and metal ions, as well as organic contaminants and microorganisms. Due to the 
low doses of NPs that are necessary for the water treatment process, their application is comparatively 
economical. One of the main problems with traditional biosorbents is their lack of selectivity for a 
certain metal or a certain chemical species of an element. There is thus a drift towards making novel 
biomaterials like nanobiohybrids that can fix these problems. This chapter elaborated different bio- 
components have been used with various nanomaterials like metal-based NPs and carbon-based NPs 
to remove contaminants from wastewater as an adsorbent. It has been concluded that cellulose-based 
nanobiohybrids are the best nanobioadsorbent. Recent advances in nanobiotechnology have enabled 
the incorporation of eco-friendly biocatalysts into a variety of nanostructures with distinct properties. 
This gave rise to novel biocatalysts that are nanobiocatalysts. This chapter showed the application of 
nanobiohybrids as biocatalyst is a novel approach and an efficient way to treat water and wastewater. 
Hence, nanobiohybrids are very promising that can be a remedy to water pollution. 
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ABSTRACT 

Pollutant removal from industrial effluents is a big challenge for industries and these pollutants can have a great 
risk to the environment. Traditional methodologies for nanomaterials fabrication have drawbacks such as high 
energy consumption and use of toxic agents. But there is an option of green nanobiotechnology that synthesizes 
biogenic metal nanoparticles (Bio-Me NPs) with microbes. Biogenic metal NPs are produced at ambient biosynthesis 
conditions, and exhibit unique surface properties and crystalline structures, which can eliminate various 
contaminants from water. Microbes-based nanomaterials exhibit high-quality catalytic performance because of 
their greater number of active sites and higher surface area as compared to polycrystalline materials. Hence, 
microorganisms used for nanomaterial production can provide a novel approach for wastewater treatment and 
decontamination. This chapter focuses on the feasibility of nanomaterials for microbes to fabricate nanohybrids 
for wastewater treatment and decontamination. Apart from this, the use of microbial fuel cells to not only treat 
wastewater but also generate electricity in the process is discussed. 


Keywords: nanoparticles, biogenic metal, microbial nanohybrid, emerging pollutants, wastewater treatment, 
green nanotechnology 


6.1 INTRODUCTION 


6.1.1 Production of nanoparticles 

In the last few decades, nanoscience has attracted the attention of the scientific community worldwide 
for the sustainable production of various nanoparticles (NPs) using innovative techniques, which 
find applications in the pharmacy, medical diagnostics and disease treatment, energy, electronics, 
agriculture as well as chemical and space industries (Elfeky et al., 2020; Gahlawat & Choudhury, 
2019; Grasso et al., 2020; Khan et al., 2019; Salem & Fouda, 2021). Nanotechnology is an emerging 
branch of science which works at a size less than 100 nm on the atomic, molecular and supramolecular 
level for the development of desired properties and functions for diverse applications (Koul et al., 
2021). The high surface area-to-volume/mass ratios of nanomaterials greatly improve the adsorption 
properties of sorbent materials (Thakur & Mukherjee, 2021). It is expected that by 2050, the global 
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NPs of a desired size, structure, monodispersity and morphology is crucial in terms of their various 
applications in nanoscience and associated nanobusiness (Dobias ef al., 2011). In 2021, Koul et al. 
reviewed recent advancements in nanotechnology are based on the synthesis of NPs/materials using 
novel techniques. NPs can be fabricated using physical, chemical and biological methods (Figure 6.1). 
The major physical methods used for the synthesis of NPs include pyrolysis, physical vapor deposition 
(PVD), lithography, crushing, grinding, milling, and ball processing (Koul et al., 2021) On the other 
hand, chemosynthesis of NPs consists of sol-gel synthesis, chemical reduction, electrolysis, chemical 
vapor deposition (CVD), photocatalytic reduction, and microwave-assisted synthesis. 

There are some drawbacks of physical and chemical methods for the production of nanomaterials, 
which are listed below. 


(a) Physical methods are not suitable for large-scale production of nanomaterials because of the 
lower yield of NPs, requirement of high energy and higher input costs. 

(b) Chemical methods require less energy consumption and allow production of homogenous NPs 
with high accuracy (Albanese et al., 2012; Koul et al., 2021). 

(c) Both traditional methods are laborious, time consuming and hazardous due to the use of toxic 
chemicals. 

(d) Biomedical applications of NPs produced from chemosynthesis have been limited due to their 
instability and toxic nature (Koul et al., 2021; You et al., 2015). 


Koul et al. (2021) described that NP synthesis using biological systems is rapid, feasible and 
ecofriendly. Moreover, the toxicity and size characteristics of the NPs can be controlled. Microbial 
cells have the natural ability to grow in diverse habitat, are fast growing and easy to maintain, 
bacteria and microalgae possess the specific potential to fabricate distinctive nanomaterials, such 
as exopolysaccharides, nanocellulose, and nanowires (Golmohammadi et al., 2017; He et al., 2008; 
Li et al., 2017). Figure 6.2 shows a schematic representation of microbe-based biological synthesis of 
different NPs, their characterization and applications. 


Methods of nanoparticle synthesis 


Physical methods Chemical methods Biological methods 
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Figure 6.1 Different methods for NPs synthesis. (Source: From Koul et al. 2021). 
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Figure 6.2 Schematic representation of the microbe-based biological synthesis of various NPs, their characterization 
and applications. (Source: From Koul et al. 2021). 


6.1.2 Microbial nanohybrids 

In 2020, Huo et al. defined microbial nanohybrids as the conjugates between microorganisms 
and nanomaterials through specific physiochemical interactions. The fabrication methodologies 
of microorganism-based nanohybrids can be generally categorized into (1) physical or chemical 
conjugations of nanomaterials to the extracellular space (ECS), and (2) nanomaterial encapsulations 
into the intracellular space of the microorganism (Figure 6.3). 

Microbes have the potential to reduce inorganic materials into NPs through extracellular or 
intracellular routes (Fariq et al., 2017; Koul et al., 2021; Salem & Fouda 2021). Microbes absorb metal 
ions either from the environment or media and convert these metallic ions into elemental form via an 
enzymatic reduction (Koul et al., 2021; Li et al., 2011). Figure 6.2 explains the extracellular fabrication 
of NPs. Microbes are grown in suitable media and the broth containing the microbial cells is then 
centrifuged, and the supernatant containing microbial enzymes is then used for the synthesis of NPs 
(Al-Dhabi et al., 2018; Das et al., 2014; Koul et al., 2021; Yadav et al., 2015). 

In the intracellular fabrication of NPs, the cellular mechanism of microbial cells is used for the 
synthesis of NPs. The microbial cultures are maintained in appropriate liquid media and the microbial 
biomass is washed with sterile distilled water followed by centrifugation to obtain the biomass pellet 
(Castro et al., 2014; Fernández-Llamosas et al., 2017; Koul et al., 2021; Shah et al., 2015). Furthermore, 
Koul et al. (2021) explained the microbial biomass is then allowed to react with an aqueous solution 
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Physical attachment Biological reconstitution 


Figure 6.3 Fabrication methodologies of microbial nanohybrids including physical attachments, chemical 
conjugation, and biological reconstruction. (Source: From Huo et al. 2020). 


of metals and the prepared solution (microbial biomass and metals) is then cultivated at desired 
incubation conditions till a specific chromatic change is observed. The appearance of a specific color 
shows the formation of NPs. 


6.1.3 Nanohybrid materials for wastewater treatment with respect to microbes 

Biogenic NPs (microbial interaction with metals) have unique properties and hence are utilized in 
various applications such as biomedical, electronic, and wastewater treatment (Ali et al., 2017a, 
2017b; Thakur & Mukherjee, 2021). Biogenic NPs are synthesized in an eco-friendly way by utilizing 
microbes as reductant (Kitching et al., 2015). Microbes remove contaminants with the help of specific 
functional groups and different reducing substances synthesized by the cells that are charged opposite 
to the target pollutants via ion-exchange processes and electrostatic interactions (Ahluwalia et al., 
2016; Thakur & Mukherjee, 2021). Further for the degradation of toxic and emerging pollutants, 
biogenic NPs are stimulated by supplying hydrogen gas (De et al., 2012a, 2012b; Suja et al., 2014; 
Thakur & Mukherjee, 2021). However, biogenic NPs have shown superior performance in the removal 
of toxic and emerging pollutants, but still certain barriers exist in the marketing of biogenic NPs-based 
wastewater treatment technologies (Thakur & Mukherjee, 2021). 


6.2 BIOSYNTHESIS OF METAL NPS WITH DIFFERENT MICROBES 


NPs have gained significant attention due to their unique physicochemical properties, which make 
them highly valuable for various applications such as catalysis, drug delivery, and electronics. 
The biosynthesis of NPs using microorganisms offers a sustainable and eco-friendly alternative to 
traditional chemical methods. In this chapter, the biosynthesis of metal NPs utilizing, different types 
of microbes, including bacteria, fungi, algae, and yeast, are over reviewed. 


6.2.1 Bacteria 

Bacteria are commonly employed microorganisms for the biosynthesis of metal NPs due to their 
high metabolic activity and adaptability to different environmental conditions. Microbes (bacteria) 
can adapt to higher concentrations of metals and have the capability to reduce inorganic materials 
into NPs through their extracellular or intracellular routes (Dulinska-Molak et al., 2018; Wells et al., 
2017). Microbes (bacteria) absorb metal ions from their surrounding environment/media and convert 
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these metallic ions into elemental form via an enzymatic reduction (Fathima et al., 2017). They can 
synthesize a wide range of metal NPs and are therefore called as ‘the factory of nanomaterials’ (Salem 
& Fouda, 2021). Bacterial species belonging to Bacillus licheniformis, Klebsiella pneumonia, and 
Morganella psychrotolerans were used for Bio-Ag NPs synthesis (John et al., 2020). On the other 
hand, titanium dioxide NPs were synthesized by Bacillus subtilis and Lactobacillus sp. (Khan & 
Fulekar, 2016). Gold NPs were synthesized by Pseudomonas aeruginosa, Rhodopseudomonas 
capsulata, Escherichia coli DH5a, Bacillus subtilis, and Bacillus licheniformis (Srinath et al., 2018), 
while Escherichia coli, Clostridium thermoaceticum, and Rhodopseudomonas palustris were used 
previously for the synthesis of cadmium NPs (Salem & Fouda, 2021; Sweeney et al., 2004). 


6.2.2 Algae 
Algae, as photosynthetic microorganisms, have been extensively explored for the biosynthesis of metal 
NPs owing to their high biomass yield and ability to produce various metabolites. Algae can reduce 
metal ions to NPs through the action of specific enzymes such as nitrate reductase and hydrogenase. 
They are capable of synthesizing a wide range of metal NPs including gold, silver, and platinum NPs. 
Several studies have reported the biosynthesis of metal NPs using algae. For example, the dried 
algal cells of Chlorella vulgaris were expanded to produce Bio-Au NPs by reduced tetra-chloroaurate 
ions to form Au NPs (Luangpipat et al., 2011; Salem & Fouda, 2021). Fucus vesiculosus is a brown 
alga capable of bioreduction and biosorption of Au (III) ions (Mata et al., 2009; Salem & Fouda, 
2021). Phaeodactulum tricornatum possesses phytochelatin-covered CdS nanocrystals fabricated 
in response to Cd (Scarano & Morelli, 2003). Rapid formation of Au NPs through extracellular 
biosynthesis has been observed viable in the marine alga Sargassum wightii Greville (Singaravelu 
et al., 2007). Konishi et al. (2007) reported that Shewanella algaehas has the ability to reduce aqueous 
PtCl, to elemental Pt at neutral pH under room temperature. Brayner and coauthors described the 
synthesis of platinum, gold, palladium, and silver NPs using cyanobacteria (Brayner et al., 2007). 
Other alga like Turbinaria conoides was used for gold NP biosynthesis (Rajeshkumar et al., 2014). On 
the other hand, four marine macroalgae, viz., Pterocladia capillacae, Jania rubins, Ulva faciata, and 
Colpmenia sinusa, were used for the biosynthesis of Ag NPs (Azizi et al., 2015; El-Rafie et al., 2013; 
Rajeshkumar et al., 2014; Salem & Fouda, 2021). 


6.2.3 Fungi 

Fungi have also shown potential for the biosynthesis of metal NPs due to their high efficiencies of 
fungal metabolites to fabricate different NPs (Dhillon et al., 2012; Fouda et al., 2018; Mohamed et al., 
2019). Fungi have been given more attention as they are involved in the study on biological synthesis 
of metallic nanomaterials due to their tolerance and metal bioaccumulation capability (Sastry et al., 
2003) and fungi have the ability to produce various proteins or enzymes (Salem & Fouda, 2021; 
Spagnoletti et al., 2019). Different species of fungi can be used to produce gold and silver NPs such 
as Phanerochaete chrysosporium, Pleurotus sajorcaju, Coriolus versicolor, and Schizophyllum 
commune (Elamawi et al., 2018; El Domany et al., 2018). Other species including Aspergillus niger, 
Aspergillus terreus, Fusarium keratoplasticum, Fusarium oxysporum, and Alternaria alternata have 
been reported to biosynthesize zinc oxide and iron oxide NPs (Mohamed et al., 2019; Sarkar et al., 
2017). Fusarium spp., Fusarium keratoplasticum, Helminthosporium tetramera, and Schizophyllum 
radiatum were used for the biosynthesis of Ag NPs (Gaikwad et al., 2013; Mohmed et al., 2017; Shelar 
& Chavan, 2014). Penicillium aurantiogriseum, P. waksmanii, P. citrinum, Fusarium oxysporum, 
and Aspergillus sydowii were used for Au biosynthesis (Honary et al., 2012; Thakker et al., 2012; 
Vala, 2015), while Aspergillus sp. was used for the biosynthesis of iron NPs (Pavani & Kumar, 2013). 
Fusarium oxysporum can be used to produce zinc sulfide (ZnS), lead sulfide (PbS), cadmium sulfide 
(CdS), and molybdenum sulfide (MoS) nanomaterials, when the appropriate salt is added to the growth 
medium (Ahmad et al., 2002; Salem & Fouda, 2021). 
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These studies exemplify the potential of microorganisms for the biosynthesis of various metal NPs 
with diverse applications. The biosynthesis of metal NPs using different types of microbes offers several 
advantages, including their eco-friendly nature, cost-effectiveness, and the ability to produce NPs with 
unique properties. Moreover, the utilization of microorganisms provides a sustainable approach for 
NP synthesis, reducing reliance on hazardous chemicals and energy-intensive processes. 

In conclusion, the biosynthesis of metal NPs using various microbes represents a promising and 
exciting field of research. Bacteria, fungi, algae, and yeast offer distinct capabilities for the eco- 
friendly and sustainable production of metal NPs with a wide range of potential applications. As the 
field continues to advance, further exploration of different microorganisms and their potential for NP 
synthesis is expected to contribute to the development of innovative wastewater treatment strategies. 


6.3 FEASIBILITY OF MICROBE-BASED BIOGENIC NPS FOR WASTEWATER TREATMENT 


6.3.1 Use of biogenic NPs to treat wastewater 

The feasibility of microbe-based biogenic NPs for wastewater treatment has attracted significant 
interest in recent years. These NPs, synthesized by microorganisms, offer a promising approach for 
efficient and environmentally friendly wastewater remediation. By harnessing the unique properties 
of biogenic NPs, such as their high surface area, reactivity, and selectivity, novel strategies for the 
removal of pollutants from wastewater can be developed. 

Liu et al. (2023) provided a comprehensive overview of the feasibility of microbe-based biogenic 
NPs in wastewater treatment. The authors discussed various aspects, including the microbial synthesis 
of NPs, their characterization, and their application in pollutant removal. The review emphasized the 
need for further research to optimize NP synthesis processes, improve their stability and reactivity, 
and evaluate their long-term effects on the environment. By addressing these considerations, microbe- 
based biogenic NPs have the potential to revolutionize wastewater treatment by offering sustainable 
and efficient solutions. 

In conclusion, microbe-based biogenic NPs hold great promise for wastewater treatment due to their 
unique properties and environmentally friendly synthesis. The studies mentioned above demonstrate 
the feasibility and considerations associated with the application of microbe-based biogenic NPs for 
heavy metal, removal of organic pollutant degradation and disinfection in wastewater. These NPs 
offer advantages such as cost-effectiveness, low energy requirements, and minimal generation of toxic 
byproducts. However, further research is needed to optimize NP synthesis processes, evaluate their 
stability and reusability, and assess their long-term impacts on the environment. By addressing these 
considerations, microbe-based biogenic NPs have the potential to revolutionize wastewater treatment 
and contribute to sustainable water management practices. 


6.3.2 Biogenic inorganic NPs 

6.3.2.1 Bio-Fe and Bio-Mn NPs 

Biogenic iron (Bio-Fe NPs) and manganese (Bio-Mn NPs) NPs are a type of iron and manganese- 
based nanomaterials that is synthesized using biological sources such as bacteria, fungi, and plants. 
The synthesis of Bio-Fe and Bio-Mn NPs using microorganisms has become an attractive alternative 
to traditional methods due to its eco-friendliness, cost-effectiveness, and potential for large-scale 
production (Shedbalkar et al., 2014; Yang et al., 2016). The microorganisms used for the synthesis 
of Bio-Fe NPs are known to produce various enzymes and biomolecules that act as reducing agents, 
stabilizing agents, and capping agents during the synthesis process. These biomolecules help to 
regulate the size, shape, and surface properties of the NPs, leading to the formation of highly stable 
and uniform NPs. Iron (Fe) could be an electron acceptor or donor, depending on the oxidation 
environment, for example, anoxic or oxic conditions. As a result, Fe can exist with the valency of 0, II, 
III, and IV in Bio-Fe NPs (Huo et al., 2016; Tuo et al., 2015; Watts et al., 2015). The size of Bio-Fe NPs 
may range from few nanometers to dozens of nanometers (Du et al., 2022). 


Assessing the feasibility of inorganic nanomaterials for nanohybrids formation 105 


The oxidation of Mn in the natural environment is mainly attributed to the microbes since the rate 
of microbial oxidation of Mn(II) to Mn(III/IV) is several orders of magnitude (up to 105 times) higher 
than that of abiotic oxidation (Du et al., 2022; Furgal et al., 2015; Tanaka et al., 2010). The synthesis 
of Bio-Mn NPs using microorganisms has become an attractive alternative to traditional methods due 
to its eco-friendliness, cost-effectiveness, and potential for large-scale production (Das & Das, 2015). 

The unique properties of Bio-Fe and Bio-Mn NPs make them highly desirable for various industrial 
and environmental applications, including wastewater treatment, bioremediation, and biomedical 
applications (Yang ef al., 2016). The potential applications of Bio-Fe NPs are vast and diverse, 
ranging from the removal of heavy metals from contaminated water to the treatment of cancer and 
other diseases. However, further research is needed to fully understand the mechanisms behind the 
synthesis of Bio-Fe NPs and to optimize their properties for specific applications. 


6.3.2.2 Bio-Pd NPs 
Biogenic palladium NPs (Bio-Pd NPs) refer to NPs made of palladium (Pd) that have been synthesized 
through biological methods. 

Patel et al. (2015) used Escherichia coli to synthesize Bio-Pd NPs with a size range of 5-50 nm. 
The resulting NPs showed excellent catalytic activity in the reduction of nitroarenes to arylamines. 

With electron donors supplied, the bioreduction of Pd(IT) can proceed through metabolic activity. 
Pd may precipitate on the cell surface, in the periplasmic or cytoplasm, or independent from biomass 
(Hennebel et al., 2011). Marine strains with the ability to generate Bio-Pd NPs include both Gram- 
negative and Gram-positive strains (Du et al., 2022; Hosseinkhani et al., 2014). They also found 
that Bio-Pd NPs were located in the cytoplasm and periplasmic space of the Gram-negative strains, 
while in the periplasmic space and on the cell wall of Gram-positive strains. XRD patterns and TEM 
analysis indicated that Bio-Pd NP are metallic crystalline in nano-sizes. Bio-Pd NP production with 
an indigenous marine bacterial community was manifested as the conversion from Pd(II) ions to 
metallic Pd(0) and Pd? crystals (Du et al., 2022; Hosseinkhani et al., 2014). 


6.3.2.3 Bio-Au and Bio-Ag NPs 

Bio-Au and Bio-Ag NPs, also known as bio-functionalized gold and silver NPs, respectively, have garnered 
significant attention in recent years due to their unique properties and wide-ranging applications. These 
NPs, which are typically in the range of 1-100 nm, exhibit exceptional stability, high surface-to-volume 
ratios, and tunable optical properties (Mukherjee et al., 2008). Moreover, their compatibility with 
biological systems makes them attractive for various biomedical and environmental applications. 

Bio-Au and Bio-Ag NPs derived from the Actinomycete Gordonia amicalis HS-11 were depicted 
with a face-centered cubic (fcc) crystalline (Sowani ef aL, 2016). Bio-Au NPs originated from 
Escherichia coli K12 were strictly controlled in the circular shape of approximately 50 nm with the 
aid of stabilizing agents (Du et al., 2022; Srivastava et al., 2013). 

In conclusion, Bio-Au and Bio-Ag NPs offer a wide range of applications due to their unique properties 
and compatibility with biological systems. The synthesis and functionalization of these NPs have been 
extensively investigated, as evidenced by the research papers mentioned above. The bio-functionalization 
strategies employed in these studies enhance the stability, biocompatibility, and functionality of the NPs, 
allowing for targeted drug delivery, antimicrobial activity, and environmental remediation. As further 
research is conducted, the potential of Bio-Au and Bio-Ag NPs is expected to be harnessed in various 
fields, leading to significant advancements in biomedicine and environmental science. 


6.3.2.4 Bio-bimetal NPs 

Bio-bimetal NPs refer to NPs made of two different metals that have been synthesized through 
biological methods. Several studies have reported the successful synthesis of bio-bimetal NPs using 
various microorganisms, such as bacteria and fungi. For example, Gade et al. (2011) used the fungus 
Aspergillus fumigatus to synthesize bio-bimetal NPs consisting of silver (Ag) and gold (Au). The 
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resulting NPs showed excellent antibacterial activity against both Gram-positive and Gram-negative 
bacteria. De Corte et al. also found that Bio-Pd/Au NPs produced by means of decorating Au particles 
on Bio-Pd NPs can improve the removal of halogenated organics (De Corte et al., 2011, 2012a; Du 
et al., 2022). Overall, bio-bimetal NPs synthesized through biological methods offer several advantages 
over traditional chemical methods, including lower toxicity, milder reaction conditions, and better 
control over particle size and shape. As research in this area continues to grow, it is likely that bio- 
bimetal NPs will find increasing applications in various fields such as catalysis, biomedicine, and 
environmental remediation. 


6.3.2.5 Composite Bio-Me NPs 

Composite Bio-Me NPs refer to NPs made of a combination of a metal and a biopolymer. These 
NPs have attracted increasing attention in recent years due to their potential applications in various 
fields such as biomedicine, drug delivery, and biosensing. The use of biopolymers in the synthesis of 
composite Bio-Me NPs offers several advantages over traditional chemical methods, including lower 
toxicity, biocompatibility, and the ability to control particle size and shape. 

Several biopolymers have been used to synthesize composite Bio-Me NPs, including chitosan, 
cellulose, and alginate. Chitosan, a naturally occurring polysaccharide, has been widely used in the 
synthesis of composite Bio-Me NPs due to its biocompatibility and ability to form stable complexes 
with metal ions. Cellulose, another natural polymer, has also been used to synthesize composite 
Bio-Me NPs due to its excellent mechanical properties and biodegradability. Alginate, a biopolymer 
derived from brown seaweed, has been used to synthesize composite Bio-Me NPs due to its ability to 
form gels and its potential as a drug delivery system. 

Several studies have reported the successful synthesis of composite Bio-Me NPs using various 
biopolymers. For example, Chen et al. (2015) used chitosan to synthesize composite Bio-Pd NPs. The 
resulting NPs showed excellent catalytic activity in the reduction of 4-nitrophenol to 4-aminophenol. 
Arshad et al. (2017) used cellulose to synthesize composite Bio-Au NPs. The resulting NPs showed 
excellent antibacterial activity against various pathogenic bacteria, including Staphylococcus aureus 
and Escherichia coli. 

In addition to their potential applications in catalysis and antibacterial activity, composite 
Bio-Me NPs have also shown promise in drug delivery. For example, Wei et al. (2016) used alginate 
to synthesize composite Bio-Fe NPs as a drug delivery system. The resulting NPs showed excellent 
biocompatibility and the ability to release drugs in a controlled manner. 


6.4 CONCLUSIONS 


Millions of people's lives are altered by many sectors and the items they produce. The wastewater 
quality generated across many sectors is a major source of worry. This chapter has covered multiple 
kinds of water pollutants, conventional and cutting-edge wastewater treatment techniques, and NPs 
based on microorganisms. The need for timely water quality characterization is urgent given how 
poorly untreated water impacts both the environment and human lives. Nanomaterials based on 
microorganisms are ecologically friendly in contrast to conventional approaches, which are toxic and 
bad for the environment. Furthermore, microorganism-based nanomaterials improve the removal of 
certain wastewater contaminants and alter wastewater treatment approaches. 

Increasing attention is paid to microbes-based wastewater treatment as it is an inexpensive and 
ecologically safe method of purifying and treating water. Researchers have become more interested 
in nanotechnology as a result of its positive impacts, such as the enormous surface area it offers, 
the possibility for various applications, stability under adverse conditions, simple and effective 
material manipulation and greater contact. Microorganisms and enzymes are being combined with 
nanotechnology to provide a greener way for addressing industrial effluents. Microorganisms can be 
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utilized to lessen the harm caused by NPs produced chemically. The remaining residues are either 
biodegradable or easily separable using straightforward filtration/precipitation procedures. 

Microbial cells can be employed for the faster, safer production of NPs having the necessary 
nature and structure as they can be quick-growing, simple to maintain, and fast-growing. To achieve 
a consistent shape, symmetry, composition, and size of NPs, which can be affected by environmental 
factors such as temperature and pH of the medium, is one of the limitations of the biosynthesis of 
NPs by microbial synthesis. Although recent studies have shown the enormous potential of microbes 
for the synthesis of novel NPs and their use in biomedicine and cancer treatment, the methods of 
microorganism-based biosynthesis need to be modified for commercial production, and the synthesis 
of NPs must be scaled up in comparison with conventional methods. 

The commercialization of these nanotechnological features is the more difficult task. Currently, 
only 1% of these nanotechnological features are being sold commercially. Therefore, the widespread 
use of these simple and effective microorganism-assisted nanotechnology techniques will be a step 
ahead for the industries. To foster the potential of nanotechnology for sustainable and affordable 
manufacturing facilities in industries, this requires for continuous encouragement and verification 
from scientists and funding from governments. Microorganisms and nanotechnology collectively 
have developed a green method for bioremediating industrial effluents. It is being suggested that 
microbes can produce nanomaterials, opening more effective and sustainable solutions for wastewater 
treatment. 
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ABSTRACT 


Water pollution by various toxic contaminants has become one of the most serious problems across the globe. 
Various technologies have been used since ages to treat water and waste water that include filtration (membrane 
and gravel) and chemical (precipitation, coagulation, flocculation, adsorption, ion exchange, and electrochemical) 
methods. Although it requires an expensive material, commercial adsorbents are widely used in the industries 
for waste water treatment. Adsorption is generally used because of its adaptability in design and operation, 
reversibility, and feasibility. The choice of right and environmentally friendly adsorbent material for especially heavy 
metals has become the need of the hour. The nanomaterial/composites have demonstrated remarkable capacity 
for elimination of heavy metals from water. Different magnetic nanohybrid adsorbents have different adsorbing 
efficiencies for heavy metals due to their intrinsic properties such as surface area, functional group, zeta potential, 
and pore structure. Magnetic nanohybrid materials not only possess the properties of nanomaterials but also have 
magnetic properties that enable them as excellent adsorbents or catalysts in water pollution remediation. Also, 
extrinsic factors such as pH, temperature, and contact time influence the adsorption. In the last few decades, 
nanotechnology has received special attention and different nanomaterials or composites have been developed 
for water purification. Among which nanohybrid materials, combined with two or more compositions together 
possess a great advantage with new properties, diverse functionalities, and unlimited possibilities. In this chapter, 
sustainable waste water treatment with focus on nanohybrids is discussed that include sources of pollutants, 
methods of magnetic nanohybrid preparation, and factors influencing adsorption followed by applications and 
challenges. 


Keywords: adsorption, carbon-based nanoparticle, dyes and radionuclides, graphene, nanoparticle. 
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7.1 INTRODUCTION 


Of the total water present on the earth only 1% of it is potable for human consumption (Adeleye 
et al., 2016; Grey et al., 2013). It was reported by WHO in 2015 that about 1.1 billion people lack 
supply of sufficient drinking water due to the rise in the cost of potable water, uncontrolled human 
growth, climatic changes, and environmental issues (Adeleye et al., 2016). One of the major challenges 
in the supply of fresh water is the contamination of water resources by a variety of pollutants from 
mining, pharmaceutical wastes, dyes, and pigment wastes (Schwarzenbach et al., 2006). The pollution 
of water resources is one of the most alarming problems among the many global issues, which is 
causing great amounts of destruction to both terrestrial and aquatic life. The primary cause of water 
resource contamination is the human activities that release untreated wastewater into the resources 
and cause water pollution. Wastewater is the used water that has been affected by domestic, industrial, 
or commercial use. It contains loads of oxygen demanding wastes, pathogens, inorganic and organic 
materials, minerals, and biomedical wastes that release tons of toxic compounds in the environment 
(Tchobanoglus et al., 2005). Wastewater treatment carried out over the decades focused primarily 
on the reduction of suspended solids, inorganic waste, pathogens and oxygen-demanding materials. 
However, only recently have we realized that the issue is much bigger than assumed and the means of 
disposal must be addressed too. 

The basic method of wastewater treatment occurs in three stages: a primary stage which involves 
grit removal, screening, grinding, and sedimentation, in the secondary stage the oxidation of dissolved 
organic matter is carried out using a biologically activated sludge which is then filtered off and the 
tertiary treatment involves elimination of nitrogen through biological means or physical-chemical 
methods such as granular filtration and activated carbon absorption (Pratap et al., 2014). These 
physical processes remove pollutants by transforming one phase to the other by producing a highly 
concentrated sludge which is toxic and very difficult to dispose. However, these traditional methods of 
wastewater treatment do not efficiently remove the pollutants and even the modern technologies have 
drawbacks such as huge energy consumption, partial pollutant removal and release of toxic sludge 
(Ferroudj et al., 2013). Some of the other used technologies include ozone treatment, irradiation 
and chlorination, activated carbon and plasma technology, which efficiently remove bacterial 
contaminations but the removal of chemical contamination is tough. 

Looking at the efficiencies of the conventional methods, we can clearly say that there is a need 
for a more efficient and powerful technology to treat the wastewaters (Ferroudj et al., 2015; Singh 
et al., 2023). This is exactly when nanomaterials come into the picture with great advantages over the 
conventional methods. Nanomaterials are promising materials for wastewater treatment because of 
their potential characteristics such as large surface area yet small size, high porosity, hydrophobicity, 
ease of separation, and regeneration with tunable molecular size and catalytic nature, making them 
one of the most suitable pollutant absorbent materials. These nanomaterials are made into several 
kinds of nanocomposites using engineering nanotechnology to achieve great features. 

The heavy metal contamination of soil and water resources remains a growing global issue due 
to rapid industrialization and careless modernization (Jia et al., 2017). Metals, specifically lead and 
mercury, are carcinogenic and bio-accumulating with no signs of degradability (Yang et al., 2018). 
Hence, it becomes necessary to carry out a systematic removal of wastewater contaminated with heavy 
metals. A plethora of methodologies have already been employed for wastewater purification such as 
ion-exchange, solvent extraction, chemical precipitation, adsorption, and membrane separation (Wu 
et al., 2015). Amongst the mentioned methods, the adsorption technology is easy for operation with 
good recyclability and does not generate toxic sludge (Li et al., 2018). 

This chapter gives a brief introduction about the water pollutants such as anthropogenic and 
pharmaceutical wastes, dyes, and radionuclides. It discusses the sustainable or green approach for 
the remediation of water pollutants using magnetic-based nanohybrid materials with a thorough 
explanation of their preparation, the principle involved for their application in the water treatment 
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arena, types of magnetic nanohybrids, different factors affecting their efficacy with a brief discussion 
of the prospects and the challenges that may arise. 


7.2 SOURCE OF POLLUTANTS 


7.2.1 Ore extraction 

Ore extraction or mining is the process of obtaining minerals and metals from the earth (Gosselin 
et al., 2015). These metals and minerals are used in agriculture, telecommunication, space studies, 
construction, and housing facilities (Sumi & Thomsen, 2001). Mining industry provides employment 
opportunities to the people, contributing to the nation's economy. Ore extraction is turbulent to 
the environment as it produces enormous quantities of waste that can impact the globe for decades 
mainly as a result of inappropriate working and waste disposal practices (Kitula, 2006; Mondal 
et al., 2014; Sumi & Thomsen, 2001). Some of the environmental issues caused by mining are soil 
degradation, noise pollution, major loss of biodiversity, and water pollution (Dasagupta et al., 2012; 
Sumi & Thomsen, 2001). Surface and groundwater contamination is one of the most alarming impacts 
(Hudson, 2016). 

The mined ores require further processing to concentrate the desired minerals. In case of metal 
ores, these concentrates must be separated from other elements present in the ore for purification 
through a process called smelting. Therefore, smelting is a process of separating metal from its 
impurities by heating the ore with a reducing agent such as charcoal, coke, or other purifying agents. 
Smelting the concentrate produces a metallic mixture alongside a solid waste called slag which can 
impact the environment if left untreated. Slag can be differentiated into two main types: one from 
steel manufacturing and the other from smelting. Steel manufacturing slag has the lowest toxin 
levels, whereas the slag produced from smelters contains high levels of hazardous elements. This 
resembles a volcanic rock with a significantly high ratio of toxic metals such as copper, lead, arsenic, 
zinc, cadmium, and barium; which when released into the environment cause soil pollution as well 
as surface and groundwater contamination (Keller & Gunn, 1995). Smelting of sulfide ores cause 
emission of sulfur dioxide gas, which reacts in the atmosphere to form a sulfuric acid mist that falls on 
earth as acid rain, which increases the acidity of water reservoirs and soils affecting the aquatic and 
terrestrial life (Gregory et al., 2014). 

Other than slag and acid rain, acid drainage is another environmental concern caused by the 
mining industry. Acid drainage or acid mine drainage (AMD) is the outflow of acidic water from 
mines. It usually occurs naturally due to rock weathering but is exaggerated by mining activities. 
When the earth is disturbed during construction and mining activities, a liquid drains out of the mine 
stocks which is highly toxic due to the presence of heavy metals. This liquid when combined with 
reduced pH causes detrimental impact on water reservoirs and aquatic life (Ferguson & Morin, 1991). 
As discussed so far, these are a few impacts of mining on the water resources. Although it is difficult 
to overcome these problems within a short period of time, implementing modern technologies and 
consistent efforts will save our blue planet from the negative consequences of mining. 


7.2.2 Electroplating 

Electroplating is the process of application of a metal layer or coating on another metal/conducting 
material with the help of electrochemical processes. The material to be electroplated is treated as the 
cathode of an electrolysis cell and the electric current is passed through the anode. It is performed 
to modify the surface features of an object such as corrosion resistance, lubrication, and abrasion 
properties or to elevate the aesthetics. After plating, the electroplated item is washed with water and 
dried. This process involves use of different metal salts and chemicals that generate environmental 
pollution. The most hazardous heavy metal ions such as copper, nickel, chromium, and lead are 
discarded during electroplating in the wastewater. 
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To prevent environmental pollution from these substances, many conventional methods such as 
chemical precipitation, membrane filtration, and ion-exchange are being employed, but due to high 
capital investment and disposal problems, these methods are ineffective in use (Ye et al., 2019). 


7.2.3 Water pollution 

7.2.3.1 Pharmaceutical waste 

Pharmaceuticals are substances that are used to detect, treat, reverse, and/or prevent illnesses. The 
term is broadened to include veterinary substances, and it also applies to illicit substances, drugs in 
specific (Blair, 2016). Thousands of tonnes of human pharmaceuticals, some of which are used every 
year, are created and consumed, including statins, hormones, anti-inflammatories and cytotoxins 
(Metcalfe et al., 2003). Medications have raised significant concerns, after ingestion, residues or 
metabolites are eliminated or excreted, either directly or indirectly after ineffective treatment, which 
enters the water supplies (Kümmerer, 2001). Although pharmaceutical residue concentrations in 
surface waters are very modest, their existence and persistence pose a hazard to both aquatic and 
terrestrial species, and their impacts should not be disregarded. Estimating long-term impacts is still 
quite challenging (Asghar et al., 2018). The sources of pharmaceutical waste includes landfills which 
contaminate the ground water, freshwater aquaculture waste, animal waste, hospital waste, domestic 
waste, and industrial waste (Li, 2014). There are various studies on the occurrence of pharmaceuticals 
in water, one of which is trimethoprim found in the United States, and Hebei (China) in the range of 
0-0.64 and 0.64-2.15 ug/kg, respectively (Chen et al., 2011; Kinney et al., 2008). 


7.2.3.2 Dyes 

Dye effluent from dye industries are serious water pollutants as they may lead to mutagenicity, cancer, 
dysfunction of reproductive system, kidney, and liver (Kaykhaii et al., 2018). The source of the dyes 
in the aquatic environment are the tannery, paper, and textile industries (Malik et al., 2012). To date, 
dyes are present in river water, ponds, drinking water, and waste water along with it in the soil and 
wild fish. The dyes like red 60 and disperse blue 26 were identified in Canada in river water (Tkaczyk 
et al., 2020). In an earlier study, azo dye was found in the effluents from a processing plant of the dye, 
as well as the dye disperse blue 373 in the range 57.9-516 ug/L (Oliveira et al., 2007). 


7.2.4 Radionuclides 

While the pollution from radionuclides is not well targeted in wastewater treatment, these facilities 
must eliminate the pollutants for improving the water quality and also protect the health of the public. 
The source of radionuclides in waste water and water treatment plants include nuclear power plants, 
nuclear medicines from hospitals, mining uranium, leaching from building materials, oil and natural 
gas production, industrial activities, ocean disposal, research and diagnostic laboratory (Hossain, 
2020). The occurrences are evident from various studies, one of which include the Chernobyl disaster, 
the groundwater was contaminated by %’Cs with a maximum concentration of 50 MBq/L, !5^Cs, 
131], guër, 259Pu, 24°Pu, 106Ru and also Americium-241 (?4Am). Till 2001, the highest groundwater 
concentration of 157Cs, 259Pu and 240Pu was 200 Bq/L, 7 and 7 Bq/L, respectively. The source of taint 
of radioisotopes was because of the fallout isotopes and contaminated waste water discharge (Bugai, 
2014). 


7.3 SUSTAINABLE WASTEWATER TREATMENT WITH NANOHYBRIDS 


Due to the catastrophic impact on both human and environmental health, the removal of hazardous 
components from wastewater discharge has received a lot of attention. Rapid urbanization and 
industrial development in underdeveloped nations have accelerated environmental devastation 
in recent years. Due to its negative effects on the environment and sustainability, the majority of 
wastewater effluents are released either untreated or insufficiently treated, this has become a 
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serious problem. Innovative and creative wastewater treatment techniques with modest investment 
requirements must be put into practice. By using unusual water sources, nanohybrid adsorbents offer 
the potential to enhance wastewater treatment and boost water supply. Examples of nanoadsorbents 
that are utilized to remove pollutants include carbon nanotubes, activated carbon (AC), titanium 
oxide, magnesium oxide, graphene, ferric oxides, manganese oxide, and zinc oxide. These showed the 
efficient removal of pollutants, such as chemicals (see Section 7.2.5.1), coloring agents (see Section 
7.2.5.2) and metals (see Sections 7.2.1 and 7.2.2) present in wastewater. The potential usefulness of 
nanohybrids for specialized applications has garnered enormous interest for sustainable treatment of 
wastewater. 


7.4 MAGNETIC NANOHYBRIDS MATERIALS FOR WATER CONTAMINANT REMOVAL 


7.4.1 Preparation of magnetic nanohybrid materials 

The most often utilized materials for the source of magnetic property are nano-Fe;O, particles or the 
Fe-M (M = Co, Mn, Ni, Zn) complex (Li et al., 2021). The easiest way to create spherical nano-Fe4O, 
with somewhat uniform size is through chemical coprecipitation. Additionally, the reaction duration, 
temperature, pH of the solution, and mechanical rotational speed may all be changed to regulate the 
particle size (Thanh et al., 2018). As an illustration, we created magnetic nano-Fe4O, with somewhat 
equal particle size using this technique. In addition, using the alkanolamines isopropanolamine and 
disopropanolamine as an alkaline agent, Pereira et al. (2012) synthesized superparamagnetic ferrite 
nanoparticles (MFe;O,;, M = Fe, Co, Mn) by a unique one-step chemical coprecipitation process 
(Schwaminger et al., 2019). Since the relative high temperature (100-200°C) and pressure (>10 MPa) 
conditions are suitable for the improvement of purity and magnetic properties, the hydrothermal 
approach offers certain benefits for producing magnetic nanoparticles. Co,Ni,_,Fe,O, (x = 0, 0.5, 
0.7, 0.9, 1.0) magnetic nanoparticles are with good magnetic characteristics and a high capacity for 
adsorbing Congo Red. They were prepared quickly using a hydrothermal method, as described by Chen 
et al. (2014). Additionally, the pyrolysis approach (Li, 2014) and the sol-gel method (Li, 2014; Zheng 
et al., 2014) are frequently used to create magnetic nanoparticles. To create magnetic nanohybrid 
materials, inorganic or organic functional substances, microorganisms, or both, are hybridized with 
the magnetic nanosubstance by chemical or physical alterations, considerably expanding the variety 
and applications of magnetic nanomaterials. 

Numerous magnetic nanohybrid materials have been created and used. Three groups may be made 
based on their composition and structure. One method involves employing magnetic nanoparticles as 
hosts that have been functionally changed using materials like magnetic nanohybrids modified with 
polyethylenimine (PET) or polyacrylic acid (PAA). Another option is to add magnetic nanoparticles 
as a dopant or guest component to the primary composition. For example, by dispersing them on 
nanotubes or microorganisms. The third method involves equally distributing magnetic nanoparticles 
and hybrid materials, such as magnetic biochar and polymetallic nanohybrid materials. Additionally, 
the one-pot approach may be used to create magnetic nanohybrid materials (Mahmoud et al., 2022; 
Nizamuddin et al. 2019). For instance, CuSO,:5H,O and FeSO,7H,O may be combined easily to 
create CuO-Fe4,O, nanohybrid material while maintaining an air purging flow rate of 53 L/min at 
80?C and a pH of 8. To make graphene oxide (GO), reduced graphene oxide (rGO), and Fe?* and 
Feš+, the solution’s pH was adjusted from 9 to 11, and stirring continuously for 30 min at 80°C. In a 
similar manner, this technique may also be used to create Fe;,0,/CNTs or Fe;O,/biochar (Li, 2014; 
Shen et al., 2012). 

However, due to some compositions being unable to form under the same reaction circumstances, 
its usefulness is restricted. Another common approach for making magnetic nanohybrid materials 
is the multistep process (Khan et al., 2022; Pereira et al., 2012). For instance, Fe(NO;);-9H,O 
and melamine were used as precursors, followed by ultrasonication, drying, and carbonization to 
produce nitrogen-doped magnetic carbon materials at 800°C in a N, environment (Chen et al., 2010). 
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Additionally, our team used the chemical coprecipitation approach to create nano-Fe,O, particles, 
and then polyethylenimine (PET) was added to their surface using 2% glutaric dialdehyde as a cross- 
linking agent (Xu et al., 2007). When selecting an appropriate technique for a certain application, the 
desired production, the precursor, the cost, and the operating circumstances should be considered. 

The shape and physical-chemical characteristics of the magnetic nanohybrid materials must be 
explored after preparation. The most popular instruments are scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), x-ray powder diffraction (XRD), Fourier transform infrared 
spectroscopy (FTIR), and x-ray photoelectron spectroscopy (XPS). To study the morphology and 
physical structure, SEM and TEM are employed. Crystal structure may be described using XRD. 
The potential functional groups of materials are found using FTIR. Additionally, XPS is a helpful 
technique for examining the surface chemical state of materials at the atomic level, which might yield 
important quantitative data of the substance under study (Asuha et al., 2012). 


7.4.2 Magnetic nanohybrid development 

Owing to their minimal cost, non-toxic nature, and easy modification/separation, the magnetic 
nanoparticles for example Pet, Fe;O,, 54-Fe;O,, and CuFe;O, have been extensively researched 
and utilized in the form of catalysts, adsorbents as well as in the form of a carrier (Feng et al., 
2010; Liu ef al., 2018; Xu et al., 2014). However, these magnetic nanoparticles have some 
disadvantages in wastewater treatment when used alone, thus they are often used together with 
another material for nano-hybridization. The hybrid magnetic nanomaterials not only possess 
the properties of nanomaterials but also contain magnetic properties, making them excellent 
adsorbents in the remediation of water contamination. The hybridization process can establish 
novel compositions and modify the chemical constitution of the initial material, giving the material 
improved properties. Modification of natural nanomaterials with various functional groups, for 
instance amino, hydroxyl, carboxyl and thiol groups, to enhance the efficient adsorption sites is an 
approach for developing nanohybrid magnetic adsorbents. The use of magnetic biosorbents offers 
distinct advantages, as nanomaterials with magnetic potent are swiftly and effortlessly removed 
from the treated water by employing an external magnetic field. Furthermore, iron oxide-based 
nanostructures are widely used for wastewater treatment as it has mild ecological harm (Soares 
et al., 2017; Sousa et al., 2015). 

The chemical co-precipitation technique is favorable for the formulation of Fe;O, magnetic 
nanohybrids of relatively uniform size. Furthermore, the particle size of these nanohybrids can be 
managed by modifying the reaction time, pH of the solution, temperature conditions, as well as 
mechanical rotational speed. Fe;O,-based magnetic nanohybrids with uniform particle sizes were 
synthesized (Feng et al., 2010; Xu et al. 2014). Besides, the chemical co-precipitation technique using 
alkanolamine isopropanolamine and disopropanolamine as alkaline agents were also employed for 
the preparation of nanohybrids (Sousa et al., 2015). Usually, the chemical-based functionalization 
of nanoparticles is performed to improve the selection and absorption capacity of the magnetic 
nanoparticles concerning target contaminants. A group of scientists described the elimination of 
methylene blue from wastewater by employing «-carrageenan or organic/inorganic hybrid silica 
shell-coated with magnetic ferrous oxide-based nanoparticles as an adsorbent. Using a new surface 
alteration method, the researchers confirmed the massive grafting of «-carrageenan onto the siliceous 
fields of the hybrid material and demonstrated a high adsorption capacity (550 mg/g). After cleansing 
with an aqueous KCI solution, the adsorbent exhibited recyclability with eminent colloidal stability. 
The robustness and regenerative capability of the developed hybrid sorbents were demonstrated by 
the methylene blue removal efficiency (+>97%) in six successively repeated trials. The efficient removal 
of organic dyes from wastewater was demonstrated using magnetic separation technology together 
with this newly developed sorbent (Liu et al., 2018). Other researchers proposed the development of a 
silica-carrageenan bioadsorbent to eliminate toxic heavy metal ions (Cd?* and Pb?+). The findings of 
the study revealed that the bioadsorbent material consisted of ash (81.70%), moisture (2.10%), density 
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(1.10 g/cm), and 21.80% adsorbent iodine. FTIR spectra revealed the presence of the hydroxyl, silanol 
as well as siloxane functional groups of carrageenan. SEM micrographs showed uniformly spread 
spherical nanoparticles («100 nm). Heavy metal ions cannot be eluted on a thin layer chromatography 
(TLC) plate by all organic eluents (Pérez-Page et al., 2016). 

Likewise, hydrothermal treatment has its benefits for the preparation of magnetic nanoparticles 
as the relatively high temperature (100-200?C), as well as pressure (0.10 MPa) settings improve the 
purity as well as magnetic properties. The hydrothermal method was used for the prompt formulation 
of Co, Ni, , Fe;O, magnetic nanoparticles (x = 0, 0.3, 0.7, 0.9, 1.0) with exceptional magnetic attributes 
as well as superior adsorption capacity for Congo Red (Soares et al., 2017). Besides, the researchers 
recognized a sequence of polyethylenimine (PEI)-modified nanohybrid magnetic adsorbents for the 
removal of heavy metals. PEI-grafted magnetic porous adsorbents were produced for taking up heavy 
metals like copper, zinc, and cadmium from water with the highest adsorption capacity of 157.8, 
158.8, and 105.2 mg/g, correspondingly, as per the Langmuir adsorption model. The adsorption choice 
between the heavy metals is ascribed to the heavy metal radius as well as the stability constant among 
amino groups and heavy metals, indicating that the intrinsic attributes of heavy metals determine the 
adsorption behavior. 

The biomass-based magnetic nanohybrid adsorbent is an additional favorable approach for cost- 
effective adsorbent development (Soares et al., 2017; Sousa et al., 2015). This type of adsorbent is 
largely developed by doping or else adding magnetic nanoparticles on biomass. Biomass feedstocks 
such as bacteria, fungi, algae as well as agricultural wastes have multiple functional groups that are 
appropriate for the development of inexpensive, along with effective magnetic nanoadsorbents. For 
example, chitosan-coated magnetic nanoparticles are economical and effective nanoadsorbents to 
remove mercury from industrial wastewater (Soares et al., 2017). Magnetic carbon nanoadsorbents 
obtained from coconut shells help remove toxic dyes (Xu et al., 2014). All through the operation, the 
adsorbents could be easily separated by operating an external magnetic field and the liquid became 
clear within minutes. Lastly, various nanohybrid magnetic adsorbents differ in their heavy metal 
adsorption performance depending on internal properties for example surface area, functional groups, 
zeta potential, assembly of the pore, and adsorption parameters like solution pH, temperature, and 
contact time. 


7.4.3 Mechanism of adsorptive removal of pollutants using magnetic nanohybrid materials 
The potential of magnetic nanohybrid materials in water contamination removal has gained a lot of 
interest in recent years. The adsorption and catalytic capabilities of the nanohybrids are enhanced 
by the synergic effect of magnetic nanoparticles and other components such as carbon, silica, or 
polymers. Commonly, magnetic nanohybrids are considered as an effective adsorbent for removing a 
diverse array of pollutants from aqueous solutions, including heavy metal ions, organic pollutants, and 
bacterial contaminants. The large surface area and chemical reactivity of nanohybrids allow for a larger 
number of adsorption sites and improved affinity for diverse contaminants. Magnetic responsiveness 
enables separation from water using a magnetic field, simplifying the water treatment process (Bulin 
et al., 2025). The reactivity can be tailored for specific contaminants such as pharmaceutical waste, 
dyes, and radionuclides, enabling the effective absorption of a diverse spectrum of contaminants from 
water. 

The magnetic nanohybrid, iron oxide nanoparticles functionalized with graphene oxide 
(GO-CuFe;O,) exhibits effective removal of the CR dye from aqueous solution. The absorption of the 
CR dye depends on the initial concentration and rises with treatment time. The adsorption process 
followed pseudo-second-order kinetics and the Freundlich isotherm model, as shown in the following 
equation (Zourou et al., 2022): 


1 1 1 
_ af t (7.1) 
q. K,;q2, de 


120 Nanobiohybrids for Advanced Wastewater Treatment and Energy Recovery 


where q, is the absorbed amount of CR (mg/g), t is the time of absorption (min), K, is the pseudo- 
second-order constant (g/mg/min), and q,, is the amount of adsorbed CR at equilibrium for a pseudo- 
second-order kinetic, K, and g,, can be determined using a linear plot of t/q, versus t. The GO-CuFe;O, 
absorption of CR dye is related to several fundamental factors, such as basal plane and edges of GO 
sheets, which are responsible for hydrogen bonding among -OH and -NH, groups of CR molecules, 
and the pi-pi stacking of the GO plane and the aromatic ring of CR. GO enhances the surface 
area of the iron oxide nanoparticles, increasing their adsorption capacity and providing a catalytic 
surface for the degradation of organic pollutants. GO-CuFe;O, nanohybrid materials have strong 
adsorption and catalytic capabilities, facile separability, and adaptability in terms of composition and 
functionalization, which make them promising for applications in water pollutant removal. 


7.5 FACTORS INFLUENCING ADSORPTION BY MAGNETIC NANOHYBRID ADSORBENT 


Magnetic nanohybrids have emerged as promising materials for removing heavy metals from water 
due to their high surface area, high reactivity, and magnetic properties. These materials are composed 
of a magnetic core (such as iron oxide) and a functional shell (such as a polymer or carbon) that 
can selectively bind to heavy metal ions (Sharma et al., 2022). The magnetic core allows for easy 
separation of the nanohybrids from water using a magnet, making the process more efficient and 
cost-effective. Despite their promising properties, there are key challenges associated with the use 
of magnetic nanohybrid materials for heavy metal removal from water. It is crucial to optimize the 
performance of magnetic nanohybrid materials for specific contaminants, and the effectiveness of 
these materials can be impacted by the following variables: 


(1) pH of the water: The adsorption capacity of magnetic nanohybrid adsorbents for heavy metal 
removal is significantly influenced by the pH of the solution, owing to its potential to alter the 
surface charge of the adsorbent and the speciation of metal ions in solution, which subsequently 
affects the electrostatic interactions and affinity between the adsorbent and heavy metal ions 
(Lan Huong et al., 2016). 

(2) Treatment time: The contact time of the magnetic nanohybrid adsorbent with the aqueous 
solution has a significant effect on its adsorption capacity. As the contact time increases, the 
adsorption capacity rises until an equilibrium is attained (Huong et al., 2016). 

(3) Adsorbent concentration: A linear relationship exists between the quantity of adsorbent and 
the adsorption capacity until saturation is reached (Kumar et al., 2014). 

(4) Heavy metal concentration: The adsorption capacity of the nanohybrid adsorbent can be 
influenced by the initial concentration of heavy metal ions present in the solution. Higher initial 
concentrations may lead to a limited adsorption capacity, as the adsorption sites may become 
saturated. Therefore, the heavy metal concentration is an important parameter to consider when 
designing an efficient adsorption system using nanohybrid adsorbents (Kumar et al., 2014). 

(5) Temperature: The temperature of the solution has a crucial impact on the rate and extent of 
adsorption of metal ions onto the adsorbent. An increase in temperature usually leads to an 
accelerated adsorption process, as the energy of the adsorbate and the adsorbent surface is 
increased, leading to higher collision frequencies and more effective mass transfer. However, 
it should be noted that excessively high temperatures can lead to thermal degradation of 
the adsorbent and destabilization of the metal ions, leading to a decrease in the adsorption 
capacity. Hence, optimizing the temperature is crucial for obtaining efficient adsorption of 
heavy metal ions in a nanohybrid adsorption system (Lan Huong et al., 2016). 

(6) Presence of interfering ions: The adsorption capacity of a nanohybrid adsorbent can be affected 
by the presence of interfering ions in the solution. Interfering ions have the potential to reduce 
the overall adsorption capacity by competing for adsorption sites. Therefore, it is essential to 
consider the effect of interfering ions while designing an adsorption process using nanohybrid 
adsorbents (Mohan et al., 2017). 
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Understanding these factors and their interactions can assist in optimizing the use of magnetic 
nanohybrid adsorbents for the removal of heavy metals from water treatment. 


7.6 REMOVAL OF WATER POLLUTANTS BASED ON MAGNETIC NANOHYBRID CATALYST 


7.6.1 Carbon-based magnetic nanohybrid adsorbents 

Carbon-based materials are powdered or bulk non-metallic solid materials that contain carbon as 
the main ingredient, such as activated carbon/biochar (AC/BC), carbon nanotubes (CNTs), and 
graphene (GN) analogues (Duan et al., 2020). Carbon-based materials have been investigated as better 
adsorbents for the removal of inorganic and organic contaminants among the many nanomaterials- 
based adsorbents (Santhosh et al., 2016). 


7.6.1.1 Activated charcoal/biochar-based materials 
Rice husk carbon is created by combining dried rice husk and sulfuric acid and heating the mixture 
for a length of time. It was discovered that Cr(VI) is entirely adsorbed after 120 min of adsorption 
with rice husk carbon. Adsorption tests with Cd (IT) and Ni (II) with rice husk carbon were similarly 
successful, with ion exchange adsorption and precipitation being the primary adsorption mechanisms. 
After three adsorption-desorption cycles, maize straw porous carbon demonstrated the highest 
adsorption capacity for Cr(VI), with a removal efficiency of 70.65% (Duan et al., 2020). The 
adsorption process includes several processes, including ion exchange. The removal of Pb(II), Cu(II), 
Cd(II), and Ni(II) from discarded mushroom-stick biochar was explored (Duan et al., 2020). At higher 
temperatures, more aromatic structures are present and a larger number of initial mineral ions (e.g., 
Nat, Ca?*, and Mg??) to exchange with heavy metal ions were present (Duan et al., 2020). 


7.6.1.2 Carbon nanotubes 

Carbon nanotubes (CNTs) absorption ability is effective across a wide pH range. The pH range of 7-10 
was shown to give optimal performance (Santhosh et al., 2016). CNTs are classified into two types: 
single-walled carbon nanotubes (SWCNT) and multiwalled carbon nanotubes (MWCNT). CNT have 
hydrophobicity, an abundant pore structure and functional groups, and performs a broad-spectrum 
adsorption of heavy metals, such as Pb, Cu, Cd, and Zn in water (Duan et al., 2020). CNT surface 
modification boosts its total adsorption activity. Various surface modification procedures, such as 
acid treatment, metal impregnation and functional molecules or group grafting, have been described 
by various researchers. Modified carbon nanotubes grafted with different functional groups enable 
removal of heavy metal from wastewater. Furthermore, CNTSs treated with metal/metal oxides such as 
MnO, and iron oxide show promising results in the removal of heavy metals from wastewater (Anjum 
et al., 2019). 


7.6.1.3 Graphene-based nanoadsorbents 

GO is a two-dimensional carbon nanomaterial formed by the chemical oxidation of a graphite sheet. 
The presence of these hydroxyl and carboxyl groups as functional groups in GO increases heavy metal 
adsorption. When compared to other nanomaterials such as CNTs, GO offers two distinct advantages. 
First, a single layer GO features two-dimensional basal planes for maximum heavy metal adsorption. 
Second, it has a simple synthesis procedure that can be accomplished by chemical exfoliation of 
graphite without the use of a metallic catalyst or sophisticated equipment. Furthermore, because GO 
has already hydrophilic functional groups, it does not require any further acid treatment to improve 
its adsorption ability (Anjum et al., 2019). Graphene is a CNT alternative, and rGO may be rapidly 
synthesized by chemical exfoliation of graphite without the use of sophisticated equipment or metallic 
catalysts, making it appropriate for water treatment (Santhosh et al., 2016). rGO (Duan et al., 2020) 
and GO have been demonstrated to have higher Pb(II) adsorption than virgin graphene sheets. A 
composite containing GO and metal oxide typically has distinct properties and has been employed as 
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efficient adsorbents for the elimination of various contaminants. The removal of Zn?*, Cd?* and Pb?* 
ions from water has been accomplished using flower-like TiO, on GO hybrid (GO-TiO,) (Santhosh 
et al., 2016). 


7.6.1.4 Chitosan-based magnetic nanohybrid catalyst 

Chitosan and iron oxide nanoparticle-based magnetic nanocomposites remove heavy metals from 
water. Chitosan is a naturally occurring biopolymer derived from chitin that has a high surface 
area and can absorb heavy metals for use in water treatment. The incorporation of iron oxide 
nanoparticles into chitosan results in the formation of a nanohybrid with enhanced magnetic 
responsiveness, thereby allowing the heavy metal removal from water. Additionally, the iron oxide 
nanoparticles provide a catalytic surface for the oxidation of the heavy metals. The chitosan-iron 
oxide nanohybrids have been widely used in the literature for the effective removal of various heavy 
metals such as cobalt, mercury, copper, zinc, chromium, cadmium, lead, nickel, and arsenic from 
water bodies (Vakili ef al., 2019). The performance of the nanohybrids can be influenced by the pH of 
the water, initial concentration of the metal ions, and predominately the treatment time. Moreover, 
the chitosan-iron oxide hybrids show potential as a low-cost and environmentally friendly metal 
removal method from water. 


7.6.2 Metal-based magnetic nanohybrid catalyst 

7.6.2.1 Zeolites 

Among the materials used in the adsorption of heavy metals from water, zeolite magnetic hybrids are 
indispensable due to their porosity, ion exchange, and high surface area properties. When zeolites 
are incorporated with iron oxides, they display magnetic characteristics that aid in the separation 
and recovery of the adsorbent after use. These materials are effective for the removal of heavy metals 
such as arsenic, cadmium, and lead from water (Loiola ef al., 2022). Using magnetic separation 
techniques, the materials can be readily separated from the water, making them suitable for large- 
scale applications. In addition to heavy metal removal, zeolite magnetic hybrid materials are good at 
absorbing phosphorous from wastewater. Phosphorus is a nutrient that can cause eutrophication in 
water bodies, which can have negative effects on aquatic ecosystems. Zeolite magnetic nanohybrid 
materials effectively remove phosphorus from wastewater, which can help mitigate the effects of 
eutrophication. 


7.6.2.2 Multi-metals-based magnetic nanohybrid catalyst 

Magnetic nanohybrid catalysts based on multi-metals, as well as magnetic CuO/Fe,O, nanocatalysts 
for phenol degradation, can be used to activate persulfate, in which persulfate (PS) acts as catalyst 
for phenol degradation. The removal of phenol was revealed to be mostly attributable to the radicals 
formed by the interaction of PS and Cu(II). The binary metal catalyst was stable and reusable, and the 
presence of bicarbonate ions assists in the removal of phenol, making this magnetic nanohybrid catalyst 
beneficial for practical applications. A magnetic nano-CoFe,O,/titanate nanotubes (CoFe,O,/TNTs) 
catalyst was created using an impregnation calcination method (Pang et al., 2019). Furthermore, the 
cobalt (Co) leakage was substantially lower than in regular CoFe;O, or CoFe,0,/SBA-15, which might 
be attributed to Co's unique ion-exchange properties (Pang ef al., 2019). 


7.7 FUTURE PROSPECTIVES WITH CHALLENGES 


Greener nanotechnology has the potential to make industrial water treatment more efficient where the 
contaminants can be removed but this field has some pros and cons. Carbon and graphene quantum 
dots and graphene-based nanomaterials may emerge as effective, cost-effective, and environmentally 
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friendly substitutes for the prevailing treatment supplies. There is a need to evaluate toxicity in brief 
for the modification of CNTs. Applying electrochemical assistance can meaningfully improve their 
adsorption rate and capacities for the removal of contaminants, and may classify as an innovative 
strategy in environmental remediation (Nasrollahzadeh et al., 2021). 

To fabricate advanced and suitable catalytic powered nanomaterials such as carbon nanotubes, 
carbon and graphene quantum dots and graphene-based nanomaterials, more attention should be 
given on the following issues in future investigations. 

Novel and innovative synthetic methods are required to reduce the cost of production of 
nanomaterials and improve their catalytic power, and reusability. Utilization of biowaste-derived 
nanomaterials and use of mild, water soluble, and low-cost reductants would reduce the exploitation 
of natural materials. There is a chance of manipulation of animal residues such as bones, eggshell, 
and bristles for the synthesis of nanomaterials and application in water treatment. There is a need 
to do toxicity evaluations and comprehensive assessments of the risks and the potential impact of 
nanomaterials to human health and ecosystems. 

Photocatalysis of organic contaminants in water by noble metal-free-doped graphitic carbon 
nitride-based nanohybrids has several challenges such as doping mechanism, site of attachment of 
dopant and assessment of visible light absorption (Hasija et al., 2019). In accordance to the future 
aspects there is a need to set a novel model high quantum degradation efficiency. It is also important 
towards the oxidative and reductive nature of g-C4N, which is responsible for photodegradation of 
pollutants and evolution of H, and O,, respectively. Hence, for designing and fabrication of robust and 
efficient noble metal-free-doped g-C;N,-based photocatalytic systems, following key directions must 
be taken into consideration suggested by Hasija et al. (2019): 


(1) Researchers should focus on extending the light-harvesting range from UV to NIR spectrum 
to avail extensive renewable solar energy to deteriorate environmental implications via 
biofriendly photocatalytic systems. For this, noble metal-free g-C4N, should be combined with 
plasmonic photocatalysts or metal/carbon quantum dots. 

(2) The role of various morphologies such as nanofibers, nanotubes, nanosheets, nanorods, and 
mesoporous structures of g-C4N, must be explored for achieving a higher surface area. 2D 
photocatalysts have more catalytic reaction sites for anchoring of pollutants, thereby enhancing 
their photocatalytic ability and are preferred for designing noble metal-free doped g-C,N,- 
based photocatalysts. 

(3) The recovery of noble metal-free-doped g-C4N, photocatalysts is highly needed for higher 
recyclability of photocatalysts. For this, researchers should dope g-C;N, with magnetic dopants 
like iron oxide and ferrites exhibiting paramagnetic/superparamagnetic nature. 

(4) The development of innovative, feasible, facile, and cost-effective fabrication methods should 
be adopted for their synthesis. Non-metal doping of g-C;N, is preferred due to less thermal 
variation, high cost and scarcity of metallic dopants. Moreover, researchers should try to find 
a more innovative way to improve the overall efficacy of synthesis methods using microwave 
radiation-assisted polycondensation methods. 
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ABSTRACT 


Electrochemically active bacteria (EAB) harboring extracellular electron transfer capabilities display great potential 
for applications in wastewater treatment and energy recovery. However, limited biocatalytic efficiency can curtail 
their practical engineering applications. Building on the merits of nanomaterials (NMs) that are biocompatible with 
EAB, engineered nanobiohybrids that are synergistically integrated with specific bacterial components and NMs 
provide a novel design for engineering an advanced biocatalyst complex. In this chapter, we summarize the efficacy 
of NMs for their suitability in constructing nanobiohybrids. Favorable engineered nanobiohybrids attributes include 
high electrical conductivity, large specific surface area, desirable photocatalytic capability, stimulated production 
of cellular components related to electron transfer, and cytoprotection capabilities. Considering the mechanisms 
of interfacial electron transport and electron flux generation, the configuration of nanobiohybrids with NMs can be 
implemented through both endogenous and exogenous bioaugmentation, wherein nanobiohybrids are constructed 
at a single cell-based or biofilm-based scale with different interfacial connections. Finally, we summarize the current 
challenges for nanobiohybrid construction and envision the future prospects for nanobiohybrid development and 
applications. 


Keywords: electrochemically active bacteria, nanobiohybrids, nanomaterials, bioaugmentation, wastewater 
treatment, energy recovery. 


8.1 INTRODUCTION 


Electrochemically active bacteria (EAB) harboring extracellular electron transfer (EET) capabilities 
display great potential for environmental applications, including bioremediation of pollutants and 
renewable/carbon-neutral energy production (Chen et al., 2022; Zhao et al., 2022). Several recent 
advances for wastewater treatment and energy recovery via biocatalytic approaches have been 
achieved; however, these approaches face numerous challenges. For example, a primary challenge 
results from inefficient EET capabilities of natural EAB and high energy barriers for reactions under 
real-world environmental conditions (Zhao et al., 2022). These limitations become more prominent 
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when applied to practical industrial applications. To address this challenge, it is imperative to develop 
effective approaches to engineer advanced biocatalysts that possess finely tuned activation energies to 
promote the forward reaction and accommodate energetically intensive processes. 

In the past decade, the rapid development of nanotechnology has allowed the advancement 
of novel biomaterials. Nanomaterials (NMs) featuring (semi)conductance, photosensitivity and 
redox properties are able to form favorable associations with EAB (Chen et al., 2022; Dong et al., 
2020a). These advances make possible the synthesis of reliable and efficient biocatalyst complexes 
incorporating novel nanobiohybrids that synergistically integrate specific bacterial components (e.g., 
individual cell or biofilm) and one or more types of NMs (Guo eft al., 2020). These coupled processes 
provide the potential to expand extrinsic functional properties that surpass their natural capabilities, 
thereby contributing to enhanced reaction efficacy to overcome several of the inefficiencies associated 
with sequentially independent processes (Dong et al., 2020a, 2020b). Correspondingly, their intimate 
cooperation might broaden the substrate ranges for microbial assimilation and decreased reaction 
times, as well as eliminate the harsh conditions required for several conventional chemical or 
biological catalysis. Thus, specific NMs could be applied as effective green synthetic practice capable 
of functioning under milder reaction conditions with EAB cells. 

In this chapter, recent advances in engineered nanobiohybrids to enhance or enable new biological 
functions are systematically summarized, including the types of NMs and the related methodologies 
employed in designing and optimizing NM-biointerfaces. Further, the different scales (e.g., single 
cell-based versus biofilm-based) of engineered nanobiohybrids are illustrated. Therein, the choice of 
both biological and synthetic components has a crucial impact on the biofunctionality of engineered 
nanobiohybrids. Overall, nanobiohybrids could greatly improve the efficacy of NMs used for 
environmental applications and correspondingly enhance nanocatalytic reactions to achieve efficient 
wastewater treatment and energy recovery technologies. 


8.2 INHERENT BOTTLENECKS FOR ELECTRON TRANSFER IN NATURAL EAB CELLS 


In terms of EET processes occurring in natural EAB, there are two main pathways consisting of direct 
and indirect electron transport processes (Logan et al., 2019). Electron transport occurring in the direct 
pathway is launched through conduction with the conductive and nano electrical pili (e-pili) and c-type 
cytochromes (c-Cyts) (Logan et al., 2019). In contrast, electron transport occurring in the indirect 
pathway is manipulated through foreign mediators (e.g., special electrically conductive media or electron 
shuttles) (Logan et al., 2019). Notably, the path of transmembrane electron transfer in natural EAB cells 
across the cell envelope follows the inner membrane — periplasm — outer membrane pathway (Logan 
et al., 2019). The complex redox environment in the periplasmic space, persistent electron escape and 
sluggish electron-export induce an inefficient export of intracellular electrons, thereby limiting the 
electron flux to extracellular acceptors. Thus, appropriate optimizations aimed at intracellular and/ 
or extracellular interfacial modifications are essential to minimize the energy loss at the junction sites 
between intracellular proteins or the outer-membrane with extracellular electron acceptors. 

Rapid development of nanotechnology in the past few decades has provided alternative modification 
strategies for enhancing or exploiting completely new functions within biological systems. Especially, 
the size of artificial NMs can be effectively matched with that of subcellular and molecular components 
of EAB (Chen et al., 2020b). Considering the various mechanisms associated with EET processes, the 
merits of NMs are expected to diminish the inherent bottleneck of electron transfer in natural EAB 
cells. For example, incorporation of specific functional NMs could enable a closer electrical contact 
and ensure a low-energy barrier charge injection. The concept of integrating bacteria with NMs offers 
an alternative pathway for engineering nanobiohybrids for wastewater treatment and energy recovery. 
Therefore, integration of functional NMs with living EAB for constructing nanobiohybrid systems is 
expected to promote a decoupling of cellular electron-transport machineries and achieve a synergistic 
bioelectrocatalytic effect. 
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8.3 NANOMATERIAL SELECTION FOR CONSTRUCTING EFFICIENT NANOBIOHYBRIDS 


8.3.1 Favorable electrical conductivity of NMs 
8.3.1.1 Metal/metal oxide-based NPs and conductive carbon-based NMs 
Due to redox potential discrepancies among substances, electron flow between different substances is 
thermodynamically permitted (Logan et al., 2019). Thus, electron transfer is theoretically permitted 
across the microbial cyt-protein complex and the conduction band of (semi)conductive NMs. Thisis due 
to the wide range of redox potentials between the cyt-protein complex in the cytoplasmic membrane of 
microbial cells and (semi)conductive NMs. Considering the mechanism associated with the electrical 
conductivity-derived EET process, NMs with a higher electrical conductivity are commonly able to 
more easily transmit the electrons delivered from microbes to terminal electron acceptors (profiled 
in Figure 8.1a). Thus far, a variety of electrically conductive metal/metal oxides-based NPs (e.g., Au, 
Pd, and Fe;O,) and conductive carbon-based NMs (e.g., carbon dots [CDs], graphene and carbon nano 
tubes [CNTs]) have been extensively used for the configuration of nanobiohybrids (Chen et al., 2022). 
Previously, Malvankar et al. (2012) confirmed that the e-pili of Geobacter sulfurreducens featured 
a prominent metal-like electrical conductivity (up to 188 Ms/cm) due to the dense configuration of 
the OmcS protein in e-pili. This implies that certain metal-based conductive NMs might display an 
equivalent electrically conductive effect with multi-heme c-Cyt OmcS protein. Furthermore, Liu et al. 
(2015) demonstrated that a syntrophism was originally unable to participate between OmcS-defected 
G. sulfurreducens and G. metallireducens, but was restarted after supplementing with conductive 
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Increased production of cellular 
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Figure 8.1 Important properties of NMs for optimizing engineered nanobiohybrids, including favorable electrical 
conductivity (a), large specific surface area (b), desirable photocatalysis capability (c), increased production of 
cellular components related to electron transfer (d), and special cytoprotective functions used for protecting 
engineered nanobiohybrids (e). 
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magnetite NPs. This demonstrates that Fe;O, NPs could serve as a substitute for the OmcS protein 
to participate in EET processes. Analogous to conductive metal-based NMs, several conductive NMs 
such as CDs and CNTS can be strongly bound to the periplasm and/or outer membrane. For example, 
Yang et al. (2020) found more than a 6.5-fold increase in the maximum power density of bioelectricity 
generation by S. oneidensis MR-1 cells that were densely aligned with CDs compared to that of the 
wild strain. Hence, effective interfacial intercalation with conductive metal/metal oxides or carbon- 
based NMs are effective avenue for improving the performance of electron export across intracellular 
interfaces. 


8.3.1.2 Conductive organic nanopolymers 

Soluble organic nanopolymers are an appealing alternative to improve the orbital mixing for 
enhancing interfacial conductivity of EAB. One approach to execute this strategy is through doping 
with macromolecular nanopolymers (e.g., poly(5, 4-ethylenedioxythiophene) [PEDOT], polypyrrole 
[PPy] and polydopamine [PDA]) on the surface of EAB cells to form a large heterojunction complex to 
connect the interface between the outer membrane and extracellular electrodes (Chen et al., 2022). The 
tailored structures greatly broaden the channels for charge transfer. Another approach is intercalating 
micromolecular conductive oligomers into the lipid bilayer of the cell envelope that is inherently 
electrically nonconductive (Apetrei et al., 2019). This modulation effectively activates the conductive 
orbits for electron transport and improves the charge transfer orientation, resulting in a considerable 
boost in transmembrane electron transfer. For example, Sivakumar et al. (2014) reported a 1.2-fold 
higher enhancement, compared to the wild strain, for extracellular reduction of ferrihydrite by a 
biosystem with S. oneidensis MR-1 cells that were inward assembled with the oligoelectrolyte 4,4"-bis 
(4-N,N-bis (6"-(N,N,N-trimethyl ammonium)hexyl) amino)-styryl) stilbene tetraiodide (DSSN+, an 
analogue for oligomer). Accordingly, the assembly of conductive nanopolymers in nanobiohybrids 
not only reduces the internal resistance for mass and charge transfer between nanobiohybrids and 
electrode receptors, but also improves the biocompatibility of engineered nanobiohybrids to sustain a 
longer durability in harsh environments. 


8.3.2 Large specific surface area of NMs 

Since NMs commonly have large specific surface areas, an outward assembly of NMs on the surface of 
microbial cells provides abundant contact sites for intimate interactions between microorganisms and 
electron acceptors that facilitate adsorption of reactant molecules, mass transfer, and efficient charge 
transfer (Figure 8.1b). In particular, smaller-sized conductive materials with larger specific surface 
areas usually exhibit higher electron transfer performance than larger particle-sized materials. For 
instance, Yu et al. (2012) demonstrated a higher hydrogen production rate (up to 1.21 mM/h) when 
splitting water with nanosized CdS particles (surface area = 46 m?/g) than submicron CdS particles 
(«0.55 mM/h for 17 m?/g). Owing to the large specific surface area of NMs, a favorable interfacial 
construction configuration of NMs in nanobiohybrids will promote interfacial interactions between 
microbes and substrates or reactants, thereby fostering an efficient direct-contact electron transfer 
process. This highlights the notable interfacial effect related to the affinity and orientation specificity 
mediated by NMs in designed nanobiohybrids. 


8.3.3 Photocatalysis capability of NMs 

8.3.3.1 Metal-based semiconductor NPs 

The electron flux of most conventional bioelectrochemical systems is extremely limited because the 
supply of electrons mainly relies on microbial degradation of low-molecular-weight organic substrates. 
To increase the electron flux and ensure more efficient extracellular reduction or energy production 
processes, living photosensitive nanobiohybrids are engineered through coating specific metal oxide 
or metal sulfide semiconductor NPs on the surface of a given EAB to harvest photoelectrons under 
illuminated conditions. Therein, photoelectrons are generated from photoelectron-hole pairs in 
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the illuminated semiconductor NPs (Figure 8.1c), accompanied by the capture of oxidizing holes 
scavenged by reductive sacrificial compounds, such as cysteine (Cestellos-Blanco et al., 2020). Since 
photoelectrons are highly reductive and their potentials are more negative than those of most biological 
compounds (Dong et al., 2020b), the photoelectrons excited from illuminated semiconductor NPs are 
readily accepted by EAB to drive specific reduction processes. Currently, a variety of photosensitive 
nanobiohybrids have been engineered through pairing various host EAB with specific metal-based 
semiconductor NPs (e.g., TIO), Cu,O, CdS, and ZnS) that contribute an additional electron flux to 
desired reduction processes under illuminated conditions (Chen et al., 2022; Zhao et al., 2022). Among 
them, CdS NPs are a highly effective engineered photosensitive nanobiohybrid (Table 8.1). This is 
mainly attributed to CdS NPs having more favorable biocompatibility with a variety of cellular units, 


Table 8.1 Summary of representative photosensitive nanobiohybrids used for wastewater treatment and energy 
recovery. 


NM Strain/Enzyme Substrates/ Remarkable Results References 
Products 
CdS NPs G. sulfurreducens Methyl Nanobiohybrid achieved Huang et al. 
orange (MO)/ a maximum kinetic (2019) 
CO, + H,O rate constant of 1.441 
h-! for methyl orange 
biodecolorization 
CdS NPs Moorella CO,/acetate Key enzymes involved in WLP Zhang et al. 
thermoacetica and ATP production were (2020) 
upregulated in illuminated 
nanobiohybrid cells 
CdS NPs Clostridium CO,/acetate Expression of flavin-binding Jin et al. 
autoethanogenum proteins increased with the (2021) 
activation of genes associated 
with the WL pathway and 
energy conservation system 
CdS NPs Methanosarcina CO CH CH, generation (0.19 uumol/h) Ye et al. 
barkeri occurred at a high quantum (2019) 


efficiency (0.34%), which is 
comparable to the quantum 
efficiency of plants 
g-C4N4 R. eutropha CO,/PHB A 1.2-fold increase in Xu et al. 
PHB production achieved (2019) 
by a C;N,—R. eutropha 
nanobiohybrid in the absence 
of an external supply of 
electron donor 
NH,-doped S. oneidensis Cr(VI)/Cr(III) Catalytic reduction Li et al. 
CDs MR-1 capacity for Cr(VI) from (2022) 
nanobiohybrid was 40-fold 
that of wild strain 


Red-emission S. xiamenensis S.x.-based Illumination of Liu et al. 
CDs (RCDs) (Sx) electrode/ nanobiohybrid electrode (2020) 
RCDs-S.x. lead to a 4.8-fold increase in 
nanobiohybrid- current density compared to 
based electrode S.x-based electrode 


WLP: Wood-Ljungdahl pathway; ATP: adenosine triphosphate; CN, carbon nitride; PHB: polyhydroxybutyrate. 
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as well as their desirable photocatalysis effect under visible-light illumination, which could circumvent 
the adverse effects resulting from ultraviolet light that are prominent among other competing metal- 
based semiconductor NPs (Dong et al., 2020b). 


8.3.3.2 Carbon-based semiconductor NPs 

Theleaching oftoxic metalsresultingfrom photocorrosion of metal-based semiconductor NP-assembled 
nanobiohybrids creates a potential toxicity for EAB cells. In addition, cellular damages might result 
from high-intensity illumination (e.g. UV-irradiation) required for effective excitation of some 
photosensitive biohybrids (Svitkova et al., 2017). In contrast, several carbon-based semiconductor 
NMs (e.g., CN, and CDs, shown in Table 8.1) represent a more bio-friendly photosensitizer for 
photocatalysis applications that might be more suitable for engineered photosensitive nanobiohybrids. 
Favorable attributes of carbon-based semiconductors NMs include a higher water solubility, 
photostability, and tunability compared to that of metal-based semiconductors (Chen et al., 2022). 
CDs-coated S. xiamenensis cells possessed a higher regulation of intracellular flavins responsible 
for boosting EET, which generated a higher interfacial conductivity between EAB and extracellular 
electrodes in a cyclic voltammetry test (Liu et al., 2020). This corroborates that CDs not only sustain 
the common photocatalytic function found for conventional metal-based semiconductors, but also 
offer favorable biological and physical associations between EAB cells and extracellular acceptors. 
Thus, the merits of carbon-based semiconductors are worthy of greater exploitation in engineering 
more advanced nanobiohybrids in the future. 


8.3.4 NMs stimulate production of cellular components related to electron transfer 

8.3.4.1 Increased production of c-Cyts in the presence of NMs 

Electron-transporting c-Cyts serve as important transmembrane electron-export carriers (Heidary 
et al., 2020). Evidence suggests that the responses of e-pili and c-Cyts from EAB might be altered by 
the addition of (semi)conductive NMs to establish an effective communication between EAB and 
extracellular electron acceptors (Figure 8.1d). For instance, a previous investigation demonstrated 
that up-regulation of c-Cyts (e.g., OmcJ, PgcA, and OmcK) and pili-relating PilA in G. sulfurreducens 
was stimulated by direct contact with (semi)conductive NMs (Fe;O,, Fe,O; and TiO, NPs) (Dong 
et al., 2020a). Similarly, recent studies examining engineered nanobiohybrids confirmed a more than 
3-fold up-regulation of c-Cyts in a system of S. oneidensis MR-1 cells that were configured with NH,- 
doped CDs (Li et al., 2022; Yang et al., 2020). The increased production of c-Cyts with the addition of 
(semi)conductive NMs manifested a positive response for electron-transporting cellular components 
to the foreign stimuli of (semi)conductive NMs. 


8.3.4.2 Increased EPS production in the presence of NMs 

Several conductive NMs (e.g., Fe;O, NPs, and CDs) appear to stimulate extracellular polymeric 
substance (EPS) production (Yang et al., 2020; Ye et al., 2018). EPS is often comprised of a large 
amount of extracellular redox enzymes and electron-shuttling compounds (Xiao et al., 2017). This 
highlights a facilitated EET process administrated by secreted EPS components (Figure 8.1d). Recent 
studies demonstrated that direct contact with Fe;O, NPs led to the formation of augmented the EPS in 
biofilms, thereby propagating long-distance electron transfer across larger scales (Wang ef al., 2018). 
Likewise, our group previously reported a higher production (increased by 0.7 times versus wild 
strain) of flavins in nanobiohybrids comprised of S. oneidensis MR-1, NH,-doped CDs carbon dots, 
and polydopamine (Li et al., 2022). The increased flavin production enhanced shuttling of inward- 
to-outward delivery of electrons in the nanobiohybrid. These observations offer new insights into 
the enhanced electron transfer performance resulting from beneficial molecular and physiological 
responses to coexisting (semi)conductive NMs. 
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8.3.5 Special functionalized NMs used for cytoprotection in engineered nanobiohybrids 
Exploitation of living biomaterials in the past decade has witnessed great advancements in the use 
of NMs for cytoprotection in engineered nanobiohybrids. According to the inherent properties of 
specific materials, functionalized NMs used for cytoprotection are divided into four characteristic 
types: biomimetic inorganic NPs, nano-hydrogels, hybrid coordination NMs, and nanoenzymes 
(illustrated in Figure 8.1e). These NMs exert their protective effects by first constructing a unique shell 
as a shield for EAB cells, and then establishing a collaboration with various cellular functions to block 
the external stressor, such as reactive oxygen species (ROS), heat, and pH conditions. 


8.3.5.1 Biomimetic inorganic NPs 

To sustain the reliable functioning of a given nanobiohybrid system, biomimetic inorganic NMs 
(e.g., CaCO,, SiO,, and iron oxide) are often exploited in bioaugmentation as a protective coating for 
biological systems (Chen et al., 2022; Wei et al., 2018). These inorganic biomineral NPs are abundant 
in nature making them popular as an artificial cell-coating material. Because of their biocompatibility 
properties and well-ordered architectures, these inorganic NMs are ideal for coating nanobiohybrids. 
Wei et al. (2018) engineered nanobiohybrids of CdS NPs-E. coli that were firstly immersed with 
polyelectrolyte sodium polystyrene sulfonate and poly (diallyldimethylammonium chloride) solutions, 
and thereafter coated with silicic acid. The resulting SiO, NP-coated nanobiohybrid resisted ROS 
damage and produced highly efficient H, generation for 96 h under natural aerobic conditions. Thus, 
in-situ surface coating with biomimetic inorganic NMs has excellent potential for constructing a 
defensive system as a protective function for nanobiohybrids. 


8.3.5.2 Nano-hydrogels 

As the outer-membranes of EAB are negatively charged, in-situ encapsulation with positively charged 
nano-hydrogels via electrostatic attraction provides an antioxidant protective shell for nanobiohybrids 
(Cestellos-Blanco ef al., 2019). Multiple examples demonstrate that nanobiohybrids with ROS- 
defensive abilities can be fabricated through LBL-coating technology, in which a compact polymeric 
shell consisting of nano-hydrogels (such as hyaluronic acid, poly-l-lysine (PLL) and PVA) encapsulates 
an EAB cell (Liu et al., 2019). Creation of such a defensive protection system allows nanobiohybrid 
functionalization to withstand harsh environmental conditions. 


8.3.5.3 Hybrid coordination NMs 

Porous coordination network materials [e.g., metal-organic frameworks (MOFs) and metal-phenolic 
networks (MPNs)| with complex structural topologies, multiple adjustable pores and tunability 
provide superior attributes when incorporated into living nanobiohybrids, such as resistance to heat, 
UV radiation, osmotic pressure, and mechanical pressure (Guo et al., 2020). In this approach, MOFs 
and MPNs are formed around an EAB cell as a cell wall-like shell. EAB are fully retained inside 
the hybrid coordination materials by generating macromolecular defects during crystallization, 
hence eliminating the pore size limitation of the pre-synthesized MOF/MPN materials. The highly 
efficient heterogeneous nucleation sites on the cell surface lead to the rapid buildup of MOF coatings 
in which the living cells remain viable. For instance, Li et al. (2015) created MPN-wrapped yeast 
cells to protect against UV irradiation and ROS damage. Likewise, Ji et al. (2018) developed a special 
nanobiohybrid consisting of a M. thermoacetica cell coated with a MOF monolayer (a composite of 
Zr;O4(OH),(BTB),(OH)&(H4O),) that effectively resisted ROS damage and enabled acetate production 
by CO, fixation. 


8.3.5.4 Artificial nanoenzymes 

Nanozymes are specific NMs with enzyme-like characteristics. Among various NMs, artificial 
nanoenzymes display highly effective defensive functions comparable to natural enzymes, such as 
superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT), that can resist ROS damage 
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(Ighodaro & Akinloye, 2018). Nanoenzymes involve relatively simple synthesis procedures, stable 
morphology and tunable specific catalytic activities, which render them desirable compared to 
hybrid coordination materials (Section 8.3.5.3) that are complicated to synthesize and incur high 
manufacturing costs (Wang et al., 2020). Hence, coating nanobiohybrids with nanoenzymes is 
appealing for creation of high-performance nanobiohybrids. Nanoenzyme-coated nanobiohybrids 
comprised of EAB and semiconductor NPs have ROS radicals separated from photoelectron-hole pairs 
that are rapidly blocked and caged by nanoenzymes upon illumination, along with an intermediate 
release of photoelectrons. Therein, artificial nanosized minerals (e.g., Fe;0,, Mn4O,, Co;O,, and 
V5O; NPs) could serve as enzyme mimics and are capable of displaying POD/SOD/CAT-mimicking 
activities to resist ROS attack (Jo et al., 2020). For example, the successful encapsulation of CdS NPs- 
Thiobacillus denitrificans nanobiohybrids with Mn,O, artificial nanosized minerals not only ensured 
highly efficient (29090) ROS decomposition, but also generated an appreciable denitrification effect 
(>28% via photoelectrotrophic denitrification coupled with a 78% decrease in N,O emission) (Chen 
et al., 2020a). 


8.4 ASSEMBLY PROTOCOLS AND SYNTHETIC STRATEGIES EMPLOYED FOR DIFFERENT 
FUNCTIONAL NANOBIOHYBRID SYSTEMS 


Bioaugmentation at the molecular and cellular level is an emerging concept, largely owing to the rapid 
progress in materials research and nanotechnology in the past decade. Hitherto, advanced functional 
materials have been applied at the molecular, single cellular, and simple multicellular levels for 
enhancing biofunctions, such as biostability and biocatalytic efficiency, and for introducing extrinsic 
functionalities to living systems, such as new metabolic pathways, electrical conductivity, and optical 
properties. Different hybrid patterns (internal or external) are created by introducing extrinsic NMs 
to construct specific nanobiohybrids for enhancing distinct biofunctions. 

Considering the functionality, stability, and durability of nanobiohybrids, construction 
of nanobiohybrids is carried out through endogenous (internal) and exogenous (external) 
bioaugmentation approaches at different interfacial connections (Chen et al., 2022; Guo et al., 2020). 
The selected NMs are targeted to site-specific cellular locations on engineered nanobiohybrids using 
specialized modifications as described in Table 8.2. According to the desired type of configured 
living biointerface, the assembly objects are focused on internal bioaugmentation on individual cells, 
external bioaugmentation on individual cells and/or external bioaugmentation on biofilms (Chen 
et al., 2022). Therein, the technology of acquiring precise biointerfaces through NM modification 
comprises the approaches of layer-by-layer (LBL) deposition, surface coating, immersion, and direct 
microbial uptake (shown in Figure 8.2). 


8.4.1 Internal bioaugmentation on an individual cell scale 

The very limited electron flux delivered from a single EAB cell to extracellular acceptors is an 
inherent bottleneck incurred by natural EAB systems. The lack of imperative conductive c-Cyts in 
the periplasm (Dong et al., 2020b; Zhao et al., 2022) causes a disruption of the intracellular electron 
flow and impedes the efficient electron transmission across the cell envelope at the single EAB cell 
level. Correspondingly, engineered conductive NMs can be intercalated as an interfacial modification 
across the periplasm and cell envelopes of a natural EAB cell, aiming to enhance the cytomembrane's 
permeability and stimulate microbial metabolism at the single cell level. This is accomplished by 
introducing engineered conductive NMs (such as Pd, Au, and CNTS, as well as conductive oligomers 
such as DSSN-+) into a wild EAB cell through conductive NMs-intercalation (Zhang et al., 2018). 
Owing to these conductive NM-anchors, an efficient pathway for electron transport is thereafter 
established across the periplasmic space that was originally nonconductive due to the lack of 
essential conductive c-Cyts (Apetrei et al., 2019; Li et al., 2022; Sun et al., 2010; Wu et al., 2011). 
The intercalation techniques consist of microbial mineralization and intracellular internalization for 
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Table 8.2 Summary of different types of nanobiohybrids engineering from different interfacial connections at 
different scales. 


Interface NM Living Remarkable Results References 
Component 
Internal Pd NPs Desulfovibrio A current increase of more Wu et al. 
bioaugmentation desulfuricans than 252 65 nA was (2011) 
on individual achieved in a high Pd? 
cells loading bio-complex 
Au NPs G. sulfurreducens Current density and substrate Chen et al. 
removal increased by 44% (2018) 
and by 2.2 times, respectively 
DSSN+ S. oneidensis A greater than 14% increase Sivakumar 
MR-1 in extracellular ferrihydrite et al. (2014) 


reduction occurred with cell- 
DSSN- interaction 


CAT and SOD- HeLa cells HeLa cells resist toxic ROS Lian et al. 
coated MOF for up to a week and retain (2017) 
cellular activity at low pH 
condition 
External PPy S. oneidensis Power density produced by Song et al. 
bioaugmentation MR-1 PPy-coated cell was 14.1 time (2017) 
on individual higher than that of wild strain 
cells CNTs S. oneidensis Nitrobenzene reduction Yan et al. 
MR-1 efficiency increased by 74% (2014) 
compared to wild strain 
CDs S. oneidensis CDs-fed cells increased Yang et al. 
MR-1 maximum current value by (2020) 
more than 7-fold 
MOF M. thermoacetica MOF-wrap reduced strain Ji et al. 
survival rate by 5-fold and (2018) 


enables CO,-to-acetate 
conversion under oxidative 


stress 
External Graphene- S. oneidensis A greater than 15-fold Zhao et al. 
bioaugmentation CNT MR-1 increase of maximum power (2015) 
on biofilms density (97.9 W/cm?) was 
obtained with hybrid biofilms 
GO- DNA S. xiamenensis Reaction time for Cr(VI) Luo et al. 
bioreduction decreased by (2019) 
39 h when amended with 


composited biofilms 


Note: DSSN- [oligoelectrolyte (4,4"-bis (4’-N,N-bis (6"-(N,N,N-trimethyl ammonium)hexyl) amino)-styryl) stilbene tetraiodide] is an 
analogue for the specific oligomer. 


in-situ assembly of conductive NMs at the intracellular periplasmic outer-space membrane junction 
sites (Chen et al., 2022). 

Internal interfacial optimization not only enables an EAB cell to generate greater intracellular 
electron fluxes, but also induces higher ATP levels, higher organic substrate utilization and more 
efficient transmembrane transfer of intracellular electrons (Yang ef al., 2020). Moreover, the 
innovative work of Lian et al. (2017) revealed that specific enzyme-loaded MOF NMs incorporating 
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Immersion 


Direct uptake 


bioaugmentation 


Figure 8.2 Functional nanobiohybrids integrating NMs and EAB cells are synthesized by different approaches using 
internal/external bioaugmentation at different scales (individual cell versus biofilm). 


CAT and SOD could be taken up by living cells to develop advanced nanobiohybrid systems with 
high efficiency and long-term intracellular activity. These engineered nanobiohybrids were also 
capable of sustaining their protection capacity by mediating ROS detoxification for up to one week. 
Internal bioaugmentation methods that implant conductive NMs and functional MOFs into EAB 
cells can effectively eliminate the intrinsic limitation of inefficient intracellular electron export 
of natural EAB, while also initiating an efficient electron-exporting capacity for extracellular 
reactions. 


8.4.2 External bioaugmentation on an individual cell scale 

External bioaugmentation has been employed to (1) increase membrane-electrode interfaces to 
increase electrical conductivity, (2) harvest more photoelectrons, and (5) strengthen cytoprotection 
during fabrication of specific functional nanobiohybrids (Chen ef al., 2022). A key feature of 
nanobiohybrids is the ability to transmit electrical signals over long distances, which is often influenced 
by a wide range of directional and dynamic interactions. To achieve the above-stated objectives, a 
series of strategies have been demonstrated as effective controllable assembly mechanisms, such as 
hydrogen bonding, electrostatic interactions through z—z stacking or ionic interactions and micelle 
formation (Tibbitt & Langer, 2017). Herein, the methodology of LBL deposition is notable as it is 
able to precisely control shell thickness and build site-specific and core-shell platforms (Chen et al., 
2022; Zhao et al., 2022). 

Because of the specificity and functionality of NMs in supramolecular chemistry and colloid 
science, NMs could provide an operable approach and flexible framework for precisely engineering 
intermolecular interactions and multiscale structures in nanobiohybrids. To increase the electrical 
conductivity at the membrane-electrode interface, conductive NMs are selected initially based on 
their mechanical properties that could restore function while minimizing any adverse effects. For 
instance, an outward coating with positive charge and conductive NMs (like CNTs and CDs) on the 
surface could be attached to the negatively charged EAB cell, thereby providing the nanobiohybrids 
with a location for storing charge while also improving the electrical conductivity and mechanical 
strength of the nanobiohybrid (Zhao et al., 2022). Thus, external bioaugmentation with conductive 
NMs confers several desirable attributes to nanobiohybrids, such as developing a reliable architecture 
and multifaceted functionality. 
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Considering the limited electron flux supplied from microbial metabolism, incorporating 
semiconductor NMs (as described in Section 8.5.5) on the surface of an EAB cell to create a 
photosensitive nanobiohybrid is advantageous. This imparts EAB with emergent properties outside 
their biotic scope and harnesses solar-chemical pathways to enhance functions (Dong et al., 2020a). 
In particular, illuminated nanobiohybrids coated with semiconductor NPs give a strong boost to non- 
photosynthetic bacteria and enable non-photosynthetic bacteria to make full use of light energy to 
supplementtheir metabolism (Chen et al., 2019; Dong et al., 2021). Currently, engineered photosensitive 
living nanobiohybrids show a promising potential for use in the synthesis of acetic acid, bioplastics 
and biofuels (Fang et al., 2020b). Moreover, to advance the stability of photosensitive nanobiohybrids, 
LBL cell encapsulation may be used to eliminate ROS-induced cellular damage (as illustrated in 
Section 8.5.5) in nanobiohybrids. This approach mainly consists of configurations employing coatings 
of charged polymers, inorganic materials, hydrogel, MOF, and nanoenzyme (Zhao et al., 2022). Thus, 
suitable external bioaugmentation methods can be used to impart enhanced survivability and new 
functionalities to EAB beyond what natural EAB evolution offers. 


8.4.3 External bioaugmentation on the biofilm scale 

As EET performance relies on dispersed single cell-based nanobiohybrids, it is usually less efficient and 
more time-consuming than an integrated cell network (Fang et al., 2020a). Hence, a successful tactic 
is fabrication of bulk biofilm-based nanobiohybrids incorporating the synergistic efforts of individual 
cells to maximize EET efficiency. Biofilms developed under natural conditions are commonly thin 
and poorly aggregated resulting in an overall poor conductivity (Zhao et al., 2022). Thus, improving 
the formation/stability of biofilms to enhance electron transfer efficiency is an increasing focus of 
nanobiohybrid research. 

Engineering biofilm-based nanobiohybrids by grafting biofilms with biocompatible and electrically 
conductive nano-polymers (e.g., PVA and PDA) and NM-based scaffolds (e.g., GO, rGO, and special 
nanofibers) enables in-situ formation of highly conductive biocomposites at a larger scale (Chen 
et al., 2022; Guo et al., 2020). A series of investigations on abiotic/biotic coupling heterojunctions 
(e.g., nanostructured polymers and/or graphene-biofilms) revealed that overlapping heterojunction 
structures favored microbial substrate utilization and charge transfer, thereby boosting bio-electrical 
generation (Chen et al., 2022; Zhao et al., 2022). The orbits constructed in these overlapping 
heterojunction architectures are mostly layer-ordered and multidirectional, favoring the transport 
of microbial substrates and boosting surface/interface dynamic reactions (Wang et al., 2016). The 
unique multi-dimensional architecture of these biofilm-based nanobiohybrids prominently facilitates 
electron transfer across larger spatial and temporal ranges, consequently decreasing energy losses 
associated with EET processes. 

Luo et al. (2019) fabricated a unique biofilm-based nanobiohybrid-derived biocomposite consisting 
of S. xiamenensis biofilms, GO and PVA assembled in a commingled pattern for application in Cr(VI) 
reduction from wastewaters. The beneficial bioaugmentation effect resulted from the enlarged specific 
surface area of GO and the favorable biocompatibility of PVA to facilitate formation of a large biofilm 
mass/volume. The biocomposite was highly effective for ten successive reaction cycles and achieved 
a strong Cr(VI) reduction performance. Further, Song et al. (2017) reported that PPy-coated carbon 
cloth promoted formation of electroactive biofilm-derived nanobiohybrids with a high bacterial cell 
density that greatly enhanced the EET efficiency. Hence, these findings provide compelling evidence 
that engineered biofilm-based nanobiohybrids can enhance the functional utility of biocomposites for 
use in wastewater treatment and energy recovery. 


8.5 FUTURE DIRECTIONS 


8.5.1 Present challenges for nanobiohybrid development 
To alleviate our dependence on fossil fuels and decrease the cost associated with pollution remediation, 
there is excellent potential to synthesize an increasing amount of bulk chemicals and remediate 
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several pollutants through incorporating microbial technologies. For example, nanobiohybrids can 
harvest energy more efficiently from biochemical sources, which provides a great advantage for the 
utilization of living biomaterials. In particular, engineered nanobiohybrids exhibit great potential 
for revolutionizing the field of environmental pollution remediation and energy recovery. However, 
to ensure the practical, economic and sustainable use of nanobiohybrids, several challenges must be 
overcome in the design and optimization of nanobiohybrids to fulfill commercial needs. For instance, 
EAB cell-laden hydrogels could respond to changing oxygen concentrations, water tensions, and even 
chemical gradients by secreting growth cytokines to fulfill the metabolic demand of cells. With the 
integration of synthetic biology technologies, EAB could be genetically engineered to perform more 
complex functions with greater efficiencies. Correspondingly, manufacturing technologies need to be 
improved to allow the intimate integration of EAB and NMs at a low cost. It should be highlighted 
that current research based on nanobiohybrids for use in wastewater treatment and energy recovery 
is still primarily a laboratory-based study occurring on a temporal scale of days, rather than the long- 
term (years). Accordingly, field-scale studies under real-world environmental conditions are essential 
for advancing the emerging technologies to commercial operations. 


8.5.2 Outlook for nanobiohybrid development 

Future key directions targeting the design of advanced nanobiohybrids will benefit from a focus on 
five principle aspects as shown in Figure 8.5: (1) broadening the spectrum of organic substrates across 
microbial metabolic pathways and decoupling the cellular electron-transport machineries will ensure 
that EAB are able to liberate intracellular electrons through assimilating more diverse substrates. (2) 
inactivation /inhibition of EAB needs to be prevented to ensure the stability of living nanobiohybrids. 
Development ofa self-healing system (i.e., self-perpetuating/sustainable) will provide cytoprotection and 
sustain the working lifespan of the nanobiohybrids even under inhospitable conditions, thereby leading 


Main directions of advanced nanobiohybrids in the future 


Figure 8.3 Overview of future design directions for advanced living nanobiohybrids. 
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to wider commercialization potential. (5) To achieve a high value/high efficiency nanobiohybrid, strain 
screening for more broad and diverse EAB is strongly warranted to create nanobiohybrids with novel 
functional attributes. (4) Moreover, the selection of NMs at present generally involves a single species, 
which limits the application scope. Adding substitutes might allow delicate optimization and designed 
features (e.g., oxygen permeability, porosity, and stability) that provide a favorable environment for EAB 
to perform their desired functions. (5) Finally, the future development of advanced nanobiohybrids 
could be directed to smart, controllable, and intelligent living biomaterials that contain an externally 
controllable switch-off function to meet remediation or manufacturing requirements. We envisage that 
these synthetic recombination methods will pave the way for highly efficient, resilient nanobiohybrids 
that can supersede conventional materials with more innovative and effective applications. 
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ABSTRACT 


Water resource management has become the need of the hour with continuous depletion of good quality water. 
Sensors are important tools for monitoring the environmental water quality and quantifying the presence of various 
harmful pollutants (pesticides, heavy metals, and micro-organisms). Biosensors designed with functional biological 
molecules as recognition elements use a transducer, which converts a biological response into electrochemical, 
optical, gravimetric, magnetic, or thermal signals that can be easily quantified. The advent of nanotechnology has 
revolutionized material design and properties of sensing platforms. Materials in the nanoscale dimension possess 
interesting characteristic features such as high surface-area-to-volume ratio, high conductivity, functionalizability, 
shock-bearing ability, color tunability, photo-reactivity, and magnetization. Nanomaterial-integrated biomolecules 
with enhanced functional properties are termed as nanobiohybrids. The amalgamation of the tuneable characteristics 
of nanomaterials with functional biological molecules by means of functionalization and/or immobilization creates 
sophisticated transducers for enhancing the analytical performance of sensors. The resultant nanobiohybrid sensor 
systems are robust, exhibit relatively short response time with improved specificity and have higher sensitivity 
enabling detection of even trace volumes of analyte molecules. Recent advancements in research and engineering 
also promote the possibilities of device miniaturization, portability, and incessant monitoring of water quality. This 
chapter intends to discuss the impact of various toxic pollutants in water, the importance of nanomaterials in 
design of novel nanobiohybrids, the different nanomaterials relevant for use in design of sensors for environmental 
analysis, and finally the different transduction mechanisms that enable the detection and quantification of toxins 
in water. 


Keywords: biological recognition, biomolecules, biosensors, environmental monitoring, nanobiohybrids, 
nanomaterials, sensors, water pollution. 


9.1 INTRODUCTION 


The ever-growing demand from manufacturing industries, agricultural and irrigational activities, 
overpopulation together with improper treatment of contaminated effluents and consistent changes 
in temperature and weather patterns has resulted in the deterioration of quality of the natural water 
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sources. Some of the potential toxicants and environmentally relevant materials include a diverse 
range of heavy metals, industrially significant chemicals with their derivatives, and pathogenic 
disease-causing microorganisms. Heavy metals such as lead, mercury, arsenic, cadmium, and copper, 
which are major components in industrial wastewater streams, are non-biodegradable and dangerous 
even at low concentrations. Pathogenic organisms like Salmonella sp., Escherichia coli, Streptococcus 
faecalis, and enteroviruses in polluted waters can cause life-threatening diseases such as cholera, 
salmonellosis, hepatitis A, and typhoid polio in humans. Nitrites used in fertilizers can impair the 
functioning of human hemoglobin irreversibly. Chemicals in pesticides including parathion, paraoxon, 
carbaril, diuron, paraquat, aldrin, chlordane, DDT (dichlorodiphenyltrichloroethane), dieldrin, 
endrin, and hexachlorobenzene have variable toxicity depending on the levels of exposure and may 
result in impairment of functional body systems (nervous system and immune system), compromise on 
the growth and development or cause mutations making it potentially teratogenic and carcinogenic. 
Phenolic compounds can be released naturally into water due to the decomposition of dead plants/ 
animals, but the quantity has increased exponentially due to the activities of a lot of industries. Their 
long-term toxicity effects include shortened lifespan, fertility issues, liver/kidney damage, skin burns, 
tremor, and body weakness. Due to the lethality of many of these pollutants at higher doses, they 
have been used as chemical and biological warfare agents that can kill, harm or incapacitate humans 
and other living beings. Hence, monitoring the presence and concentration of these pollutants needs 
to be performed meticulously to ensure the maintenance of optimum water quality standards and to 
evaluate the effectiveness of water treatment methods. The continuous monitoring of water quality 
using conventional analytical instruments becomes difficult due to expensive instrumentation, tedious 
sample preparation, and requirement for skilled technical operators. 

With the advent of the sensor technology, the monitoring of environmentally significant toxins 
in-situ and ex-situ has become relatively easier and hence, has continuously been preferred over 
conventional analytical methods. The consistent research in the development of novel materials for 
sensing eventually led to the emergence of biological material-derived sensing devices. Biosensors 
can be used to detect specific analytes through some physical, chemical, biological, or electrical 
signals that arise from the analyte interaction with a biological recognition element; the signal gets 
transduced into an electrical signal, which can be processed and quantified. Over the years, these 
biosensors have found extensive use in healthcare, therapeutics, environmental monitoring, and food 
safety applications. However, the direct loading of these bioelements onto bare transducer surfaces 
tend to destabilize/denature the bioreceptor molecule and have inherently reduced their ability to 
functionalize and their availability on the transducer surface, causing lower sensitivity, limited shelf- 
life and activity, and thereby affecting their reusability. Nanomaterials offer several distinctive features 
that make their integration into biosensors highly beneficial. Thus, the integration of biomolecules 
with nanomaterials to provide improved functional properties gives rise to the class of materials 
termed as ‘Nanobiohybrids’. 


9.2 IMPORTANCE OF NANOMATERIALS IN THE NANOBIOHYBRIDS 


Nanobiohybrids are by definition a class of materials composed of one or more materials in the 
nanoscale dimension combined with biological components (ranging from simple biological molecules 
to unicellular microorganisms to complex multicellular organisms). The importance of using 
nanomaterials in the development of nanobiohybrids relates to the capability of the nanomaterial to 
impart exceptional properties to biosystems making them functional components in many practical 
applications, including biomedical, catalysis, sensing, membrane technologies, energy conversion 
and storage, and coatings. Biosystems have the innate ability to adapt to changes that help augment 
their performance, a skill of survival from an evolutionary point of view. This ability of biosystems 
has been exploited to achieve modification by incorporation of suitable nanomaterials creating new 
sophisticated bio-functional materials for various applications. The current advances in materials 
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engineering, design and processing have promoted the progress of nanobiohybrid generation by 
tailoring the physicochemical properties of the nanomaterials enabling them to be successfully 
coupled with the desired biosystem. Nanobiohybrids have been shown to demonstrate exceptional 
bio-functional properties surpassing years of evolutionary transitions or even genetically mutated or 
engineered biosystems (Guo et al., 2020). 

Nanomaterials offer a large fraction of surface atoms, higher surface energy, and ease of surface 
modification with multiple functionalgroups. Thereby, they permit efficient biomolecule immobilization 
on the transducer. Their reduced imperfections, spatial confinement, and precise crystallographic 
direction can facilitate uniform bioreceptor attachment on the transducer. These biocompatible 
nanomaterials can also stabilize the biomolecules through electrostatic and covalent interactions 
and improve the bioactivity of the sensing element. Moreover, due to their enhanced catalytic and 
conductive properties and the directed arrangement of the biomolecule on the nanomaterial, they can 
also behave like a mediator for the bio-recognition events by improving the electron transfer rate to 
the sensor surface and provide improved integration and amplification of the signals. The usage of 
nanomaterials in combination with the biological element has improved sensor efficiency in terms of 
sensitivity, response time, selectivity, and detection range and provides other benefits such as cost- 
effectiveness, miniaturization, requirement of low sample volumes, and environmental friendliness 
(Kuswandi, 2019). By modifying the synthesis conditions, different features of the nanomaterial such 
as size, shape, grain structure, porosity, pore size, and number of layers [for graphene sheets, carbon 
nanotubes (CNTs)] can be tuned to bring changes in their functional properties. Some of the special 
tunable properties of nanomaterials that are important for different types of functions are listed below: 


(1) Higher catalytic efficacy as a result of the higher surface-area-to-volume ratio. 

(2) Improved electrical conductivity in ceramics and magnetic nanocomposites and increased 
electrical resistance to metals. 

(3) Increased magnetic coercivity up to a critical grain size and superparamagnetic behavior. 

(4) Improved mechanical properties like higher hardness and toughness for metals and alloys and 
higher ductility and superplasticity for ceramics. 

(5) Optical properties like localized surface plasmon resonance (LSPR) for metallic nanoparticles, 
spectral shift in optical absorption and fluorescence based on nanoparticle size, increased 
quantum efficiency for semiconductor nanomaterials. 

(6) Sterically significant properties like improved selectivity based on pore size for mesoporous 
structures. 

(7) Better biological applicability due to their improved biocompatibility, and improved ability for 
nanodrug carriers to penetrate cell membranes and the blood-brain barrier. 


A wide spectrum of materials in the nanoscale has been successfully used in the design of biosensors 
(Kuswandi, 2019). These nanomaterials include, but are not limited to, metal/metal oxide, carbon- 
based, semiconductor, and composite nanoparticles. By modifying the nanoparticle morphology and 
composition through controlled synthesis and by employing the appropriate sensing strategy with 
standard optimization of process parameters, specific nanobiohybrids can be designed to sense varied 
organic or inorganic environmental pollutants of interest (Ramezani et al., 2020). Miniaturization of 
existing sensors using nanotechnology has paved the way for developing highly sensitive and selective 
systems for facile detection and continuous monitoring of environmental pollutants on-site. 


9.3 CHOICE OF NANOMATERIAL 


Over the years, considerable effort has been made in the design and development of nanobiohybrids 
containing nanostructures (synthetic component) combined with structures of biological origin 
(biological component). The careful selection of both biological and synthetic components is of high 
priority as the properties of the two ultimately influence the biofunctionality of the nanobiohybrid 
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Table 9.1 Classification of materials in the nanoscale based on the restriction of electron movement 
along the axes (X, Y, Z) with examples. 


system, which may either result in the enhancement of selective existing traits of the biosystem 
or bestow unique new properties to the biosystem. The synthetic component of a nanobiohybrid 
assembly implicating the nanomaterial can be chosen from a wide spectrum of structurally versatile 
materials, including zero-dimensional quantum nanostructures, one-dimensional wires or rods, 
two-dimensional sheets, and three-dimensional networks (Table 9.1). The choice of specific-type of 
nanomaterials to design a nanobiohybrid differs primarily with the purpose of application, example 
nanomaterials with photosensitization properties can be used to induce photocatalytic properties, 
materials with magnetic properties are chosen for biomedical imaging, while polymeric materials 
used in constructing the hybrids can manipulate the properties of organisms (Guo et al., 2020; Huang 
et al., 2014). 

For the development of bioelectronic sensors, nanomaterials have been used as elements of 
transduction in combination with biological recognition molecules either to achieve improved device 
performance or to aid in design of novel advanced detection methodologies. Plasmonic nanostructures 
such as gold or silver coupled with biological recognition elements provide optimal electronic or 
optical transduction of biological phenomena to yield highly effective plasmonic biosensors (Zheng 
et al., 2012). Biomolecules, in particular, nucleic acids conjugated to magnetic nanoparticles, form 
nanobiohybrids that possess exceptional magnetic properties in addition to the inherent biological 
selectivity, improving disease diagnosis and therapy (Pershina et al., 2014). A single-walled CNT 
complexed to a family of peptides known as bombolitin, forms a virtual chaperone sensor that 
transduces changes in conformation as near-infrared luminescence (Wong et al., 2017). Simple, 
sensitive, and economic glucose biosensors based on the immobilization of the enzyme glucose 
oxidase on carbonaceous hybrid films comprising of three-dimensional graphene and multi-walled 
CNTS improved the electrochemical activity and stability of sensing (Bagheri et al., 2017). Structures 
of lipid bilayer-coated silicon nanowires exhibit efficient barrier properties preventing the transport 
of redox-active species in solution, shielding the electrode surface, and hence, serve as a model for 
detection of membrane ion channels (Martinez ef al., 2009). Nanobiohybrids developed by coupling a 
metal-organic framework with live plants function as self-sustaining pre-concentrators, accumulating 
toxic metal and organic pollutants, resulting in the generation of luminescent signals that are digitized 
via a smartphone app for on-site environmental monitoring (Liang ef al., 2020). Nanostructured 
materials commonly reported for construction of nanobiohybrids can be grouped into the following 
categories and their significance in biosensing applications has been highlighted. 


9.3.1 Metallic and metal oxide nanostructures 

Metallic nanoparticles such as gold and silver have been extensively used in biosensor devices. These 
materials come in a wide range of shapes and sizes, with high surface energy and surface-to-volume 
ratio, making them suitable for easy surface functionalization. Owing to this nature, metallic gold 
and silver nanomaterials have been employed to electrically probe a number of biomolecules. Another 
important property of these nanostructures is the surface plasmon resonance effect. This is related 
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to the coherent oscillations of the conductive surface electrons and has been correlated with the 
specific-binding of biomolecule concentrations. Colloidal gold nanospheres exhibit size-dependent 
color changes, varying from shades of red (diameter of ~5-50 nm) to purple (diameter of ~100 nm, 
a feature that has been exploited for use in colorimetric sensing. Gold nanoparticles are excellent 
current conductors enabling direct, efficient, and quick electron transfer between electrode materials 
and electroactive species, making them a material of choice in electrochemical sensing. Colorimetric 
nanosensors based on silver nanoparticles have been reported for the detection of highly toxic heavy 
metals such as lead, chromium, mercury, and many more. 

Metal oxides area class of economical nanostructures with ease of preparation and functionalization. 
These nanostructures have tunable morphologies and can be grown in different shapes and sizes. 
Semiconductive metal oxide structures like zinc oxide and titanium dioxide have been exploited 
for their photo-conductive properties in catalytic redox detection of a number of molecules. These 
nanoparticles have been shown to improve the sensitivity of sensors by transduction and amplification 
of biological signals. Dielectric nanomaterials such as silicon dioxide and manganese dioxide have 
been reported for use in immobilization of biomolecules (Banerjee et al., 2021). Oxides of iron 
including magnetite and maghemite with low toxicity and unique magnetic properties have been 
shown to be easily functionalized with biomolecules. Also, these materials have found profuse use in 
environmental remediation due to the magnetic property which facilitates separation of pollutants 
and recovery of the nanostructure with ease. 


9.3.2 Carbonaceous nanomaterials 

The large surface area and mechanical strength along with excellent electrical and thermal conductivities 
make carbon nanomaterials a consistent choice in a spectrum of applications. The large surface area of 
carbon nanostructures enables loading of a variety of biological molecules on the carbon surface making 
it a viable system for biosensing. Graphene is a two-dimensional nanostructure with sp? hybridization 
consisting of horizontally stacked sheets of carbon. The nanostructure is chemically stable and on 
integration with electrodes has found significant use in improving the sensitivity of electrochemical 
sensors. In alternate cases, graphene has also been used to catalyze biochemical redox reactions, for 
example, detection of organophosphates by measuring the oxidation current resulting from the inhibition 
of the acetylcholinesterase enzyme immobilized on graphene sheets (Banerjee et al., 2021). 

CNTs are one-dimensional nanostructures consisting of rolled-up carbon sheets forming a 
cylindrical morphology. These nanotubes have been commonly used as probes for a range of biological 
molecules functioning either as analyte capture platforms or signal transducers. Due to its ability to 
cross biological membranes, CNT has also been used to probe biomolecules and mechanisms in-vivo. 
In electrochemical sensing, CNT enhances the transfer of electrons between the electrode surface and 
electroactive materials exhibiting good electrical conductivity and sensitivity, are chemically stable 
and also electrocatalytic making them ideal candidates for use. Functionalization of CNT with suitable 
fluorophores to enable optical detection, for example, peptide functionalized CNT for detection of 
nitroaromatics using near infra-red (NIR) photoluminescence has been described (Heller et al., 2011). 


9.3.3 Quantum dots 

Quantum dots (QD) are zero-dimensional semi-conductive nanostructures with excellent optical 
transduction property. The nanostructures exhibit broad absorption bands with characteristically 
narrow fluorescence emission bands which is ideal for detection of multiple analytes at a single time. 
The emission wavelength of the QD can be readily adjusted by changing its size, shape, or composition, 
which results in the quantum confinement of charge carriers (Willner & Vikesland, 2018). QD can be 
readily functionalized and/or used to probe a plethora of biomolecules with high specificity. However, 
long-term use of semiconductor QD containing heavy metals (example, cadmium and selenium) may 
have adverse effects and hence, the use of carbon-dots has emerged as an eco-friendly alternative 
(Banerjee et al., 2021). 
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9.3.4 Polymers 

A large selection of polymeric materials, both synthetic and natural, has been widely used for developing 
sensors of disposable and wearable types. Polymers are transparent, flexible, and durable materials that 
can be formed into desired shapes and produced in bulk, at low cost. Polymers serve as matrices for 
immobilizing biological elements and can be used in combination with other nanomaterials to create 
biosensing devices. For example, highly sensitive biosensors consisting of the biopolymer chitosan 
with graphene oxide and hemoglobin for detection of nitromethane has been reported (Banerjee et al., 
2021). Disposable sensors based on the principle of immunochromatography have been reported for 
the quantification of human serum albumin (Jianrong ef al., 2004). The conductimetric sensor was 
generated using polyaniline modified colloidal gold which was used as the second antigen to obtain a 
sandwiched immune complex, generating a signal at the electrode. 

The above discussed categories of nanoscale materials can either be used independently or in 
combination to develop novel nanobiohybrids with superior characteristic properties for use as 
sensing platforms in environmental pollutant detection and monitoring applications (Banerjee et al., 
2021; Dincer et al., 2019; Jianrong et al., 2004; Willner & Vikesland, 2018). 


9.4 NANOBIOHYBRID TYPES: BASED ON RECOGNITION ELEMENTS 


Nanobiohybrid-based electronic sensing constructs on a large scale use biological components as 
recognition elements to ensure improved selectivity and sensitivity. Advances in the field of research 
for optimization of nanobiohybrid sensors for environmental monitoring, both on-site and off-site 
(real-time analysis and online monitoring), has drawn the interest of many environmentalists. Here, 
we highlight the scope of some specific biological molecules commonly used as recognition elements 
in the design of nanobiohybrid materials for use as sensors in the monitoring of environmental water 
pollutants. 


9.4.1 Proteins and peptides 

Proteins and peptides form a class of biologically important macromolecular structures that have 
been long used as recognition elements in biosensors. The organic reactions involving proteinaceous 
structures, for example, enzyme-based sensing which has long been in use owing to the potential of 
enzymes to selectively detect the molecule of interest via enzyme-catalyzed reactions. The generated 
biological signals are transduced using suitable nanomaterials to produce electrochemical or 
colorimetric outputs that can be used for detection. The versatile nature of enzymes along with its 
ability to efficiently catalyze selected chemical processes has enabled it to emerge as a biorecognition 
element of choice for designing sensors. Enzymes such as laccase and tyrosinase have been reported 
for use in the detection of phenolic compounds (Rodríguez-Delgado et al., 2015; Wee et al., 2019). 
The direct interaction of toxic metal ions with metal-binding moieties such as the synechoccocal 
metallothionein and the mercury regulatory protein have been reported for use as affinity sensors to 
detect trace levels of metal concentrations by recording the changes in capacitance which varies in 
response to the quantity of ions contained in the sample (Corbisier ef al., 1999). 

Protein-based biosensor strips for the detection of toxic aromatics in environmental wastewater 
has been reported by Ray et al. (2018). The nanobiohybrid consists of the MopR protein, a class of 
nitrogen regulating proteins from Acinetobacter calcoaceticus as the biological element immobilized 
on a solid support made of mesoporous silica nanoparticles. The property of the protein to undergo 
allosteric conformational changes in the presence of high concentrations of phenolics was employed 
for demonstrating the use of the sensor for on-site pollution monitoring (Ray et al., 2018). Wong et al. 
(2017) reported the detection of nitroaromatics in ground water using infrared fluorescence sensors of 
functional single-walled CNTs complexed bombolitin II peptide nanobiohybrid structures embedded 
in live spinach plant leaves. The accumulation of nitroaromatics in the plant leaf and its interaction 


Nanobiohybrids: a promising approach for sensing diverse environmental water pollutants 153 


with the functional complex results in changes in conformation and this modulation of the peptide 
structure is translated to spectral modulations for detection (Wong et al., 2017). A recent development 
in the use of proteins for biosensing applications is the technology of structure-guided protein 
engineering for developing highly selective recognition elements. The direct detection of hydrocarbons 
like benzene and its derivatives remained a challenge due to the lack of active functional groups in the 
hydrocarbon molecules; and the difficulties in isolating specific proteins with the inherent ability to 
identify the hydrocarbons. However, by understanding the three-dimensional structure of the binding 
domain(s) in combination with in silico and experimental investigations, Ray et al. (2018) designed 
highly specific and exclusive sensor devices to distinguish the structural variations between the group 
of pollutant molecules in environmental water samples. 


9.4.2 Nucleic acids 

Nucleic acid biosensors have functional nucleic acid molecules integrated with a signal transducing 
element to detect a range of molecules from complementary nucleic acid fragments or other biological 
molecules to metals and chemical substances with high specificity. Nucleic acids are oligonucleotide 
molecules that are an important class of biological recognition elements with versatile activities. The 
long chains of nucleotides are found universally in all living organisms and may be ribonucleic acid 
(RNA) or deoxyribonucleic acid (DNA). Among the two, for applications in material science and 
biotechnology, DNA is preferred over RNA due to its stability and relative resistance to hydrolysis. 
The functional nucleic acid molecules used in sensors may be of the following types: 


Naturally occurring genetic DNA sequences (genosensor). 

Short sequences of single-stranded synthetic oligonucleotides isolated from large libraries 
termed as aptamers. 

Nucleic acid sequences that possess catalytic activity termed as nucleic acid enzymes, such as 
ribozymes or DNAzymes. 

Aptazymes, which are a combination of aptamers and catalytic nucleic acids. 


The mechanism of detection relies on the type of interaction of pollutant molecules with the 
nucleic acid sequences. For example, genosensing of Escherichia coli cells in water via hybridization 
of selective genetic sequences, combining the lac gene detection with the polymerase chain reaction 
was used in the amplification of DNA (Mo et al., 2002). Reports on the use of DNA aptamers for 
chloroaromatics detection and RNA aptamers for detection of aromatic carcinogens based on aptamer- 
ligand recognition have been established (Tombelli et al., 2007). Metal-ion-dependent enzymatic 
nucleic acids have been used for monitoring toxic ion concentrations in environmental samples 
(Palchetti & Mascini, 2008). Sensitive detection of toxic mercury (II) ions has been achieved by the 
method of surface-enhanced Raman spectroscopy using an oligonucleotide functionalized core-shell 
nanostructure having a gold core enveloped by a magnetic silica sphere. Moreover, by exploiting the 
specific base pairing property of DNA, the capture of the Hg(II) metal was made possible enabling its 
specific removal from the surrounding environmental sample (Liu et al., 2014). 


9.4.3 Carbohydrates 

In nature, carbohydrates are of biological importance as molecules of energy or metabolic intermediates. 
Although available in surplus, the application of carbohydrates as recognition elements has been 
limited. For instance, synthetic preparation of sugars is extremely laborious when compared to 
existence of relative simpler amplification or cloning options for other biomolecules. Chemically these 
sugars may be simple or complex polyhydroxy molecules containing monosaccharide building units. 
This arrangement gives rise to diverse carbohydrate structures for example, it has been established 
that a single hexamer can generate more than 1012 conformations. Conjugates of carbohydrates known 
as glycoconjugates play key roles in mediating a number of physiological and pathological cellular 
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functions. Unlike proteins or nucleic acids, carbohydrate receptors are relatively smaller in size and 
more stable. However, the molecular recognition signals of individual carbohydrates are generally 
weak and hence, these are usually present as clusters to increase the magnitude of interactions 
resulting from high ligand densities. 

Lectins form a group of proteins that bind specifically to carbohydrates via hydrogen bonding, 
metal co-ordination, Van der Waals forces, and other hydrophobic interactions. These proteins have 
more than one binding site for the binding to the carbohydrate and therefore, increase the magnitude 
of interaction by 100-fold. They have been shown to be equivalent to antigen-antibody interactions 
with kD values approaching 1 nM. Investigations on interactions of gangliosides with cholera toxin 
have been reported with kD values of 1 nM to as low as 1 pM (Chevolot et al., 2010; Zeng et al., 2012). 


9.4.4 Whole cells 

For the real-time monitoring of toxins in aquatic environments, the use of living organisms, such 
as bacteria that naturally respond to the presence of certain specific molecules can enable a better 
assessment of the risk associated with exposure of humans to toxic pollutants. Whole cell biosensors 
are devises based on exploiting the natural ability of organisms which are responsive to the presence of 
pollutants in their living environment. For example, bacterial sensors of Acinetobacter calcoaceticus 
exploit the phenol-catabolic pathway of the species which gets triggered in the presence of phenol 
and activates a specific RNA polymerase that in turn induces the degradation of phenol. One 
advantage to using bacterial sensors is that the cell wall protects the sensor by restraining the direct 
contact with unpleasant harsh environments making it a robust system and the specific response 
gives an understanding about the bioavailability of the analyte (Roy et al., 2021). The assessment 
of risk associated with a toxic contaminant is based on determining the concentration levels of the 
particular compound at the contaminated site. However, one should understand the importance of 
the term ‘bioavailability’ which can be defined as ‘the fraction of a pollutant that can be spontaneously 
taken up by an organism from its surrounding environment at any given point of time' and is firmly 
associated with the toxicity of the particular compound of interest with relevance to the concerned 
organism. In a distinctive environment, the compounds' bioavailability is invariably nonequivalent 
to its total concentration in the same environment, but it is dependent on the bio-accessibility of 
the compound which can be defined as ‘the amount of the compound that can potentially cross 
the cellular membrane if facilitated’. The bio-accessibility of compounds varies with organism and 
a bio-accessible fraction can be made bioavailable by engineering the inherent characteristics of the 
organism (Tecon & Van der Meer, 2008). 

Bioavailable metal concentrations in environmental samples can be measured by using bacteria 
that produce a quantifiable signal when in proximity. Bacteria in soil can be engineered genetically 
to develop metal-responsive strains which can generate bioluminescent signals in the presence 
of selective metal ions. In order to effectively apply this principle in detection, it is important to 
understand the molecular basis and mechanism of regulation of engineered genes. Immobilization 
of the manipulated bacterium in solid matrices coupled with optical fibers has been used for sensor 
development (Corbisier et al., 1999). 

Organisms other than bacteria have also been reported for use in biosensing of environmental 
pollutants. Genetically modified variants of Chlamydomonas reinhardtii have been used as fluorescent 
probes for monitoring toxic chemicals in herbicide-contaminated environmental water samples. The 
detection is based on the activity of photosystem II, the multienzymatic chlorophyll-protein complex 
located in the thylakoid membrane that catalyzes the light-dependent photosynthetic primary charge 
separation and the electron transfer chain in cyanobacteria, algae, and higher plants (Scognamiglio 
et al., 2009). Plant nanobiohybrids with photo-luminescent metal organic frameworks have been 
reported for the detection of toxic metal ions (cadmium, silver, iron, and copper) and organic pollutants 
(aniline). The sensors with fluorescence ‘turn-on’ and ‘turn-off’ signals were shown to have potential 
on-site monitoring capabilities (Liang et al., 2020). 
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9.5 NANOBIOHYBRID SENSOR TYPES BASED ON TRANSDUCTION PATHWAYS 


The suitability of a nanobiohybrid material for environmental sensing applications depends primarily 
on its ability to transduce the signals generated from a biological phenomenon and convert them into 
readable output. Depending on the type of signal transduced, a broad classification can be made as: 
electrochemical, optical, magnetic, gravimetric, and thermal. 


9.5.1 Electrochemical nanobiohybrid sensors 

The working principle of this biosensor class is that catalytic chemical reactions between the analyte 
and the bioelement bound to the electrode may produce or consume ions or electrons, thereby 
affecting the measurable electrochemical properties of the solution, such as an electric current or 
potential. The signals can be monitored by different means (Figure 9.1a): generating a measurable 
charge accumulation or potential (potentiometric), changes in impedance (impedimetric), conductive 
properties of the medium (conductometric), or changes in current (amperometric). Each method 
provides different signal types (Figure 9.1a) and have different advantages and disadvantages (Table 
9.2). Electrochemical transducers have a lot of advantages, such as high sensitivity, their compatibility 
with modern miniaturization/microfabrication technologies, convenience to use, portability, minimal 
power requirements, low cost, simplicity of construction, and independence of sample turbidity, 
volume, and color (Curulli, 2021). The working electrode is mostly coated with a nanomaterial on 
which the bioreceptor is immobilized to provide better functionalization and enhanced perpetuation 
of electrical signals. 


Amperometric biosensors are more widely used due to their higher sensitivity and faster response 
than potentiometric sensors. However, they have lower selectivity and show susceptibility to 
interference from other electroactive species. 

Potentiometric biosensors use ion-selective electrodes (ISEs) surrounded by an ion-selective 
membrane, which helps in the selective movement of target ions and reduces interferences. The 
potential difference noted between the reference and working electrodes at nearly zero current 
is proportional to the analyte concentration. 

Conductometric biosensors measure the change in electrical conductivity of the sample solution 
between the different electrodes after a biochemical reaction. These biosensors require low 
driving voltage, inexpensive technology, are light-insensitive, and do not need a reference 
electrode. 


Biosensors based on the ion-selective field-effect transistors (ISFET) are another class of 
electrochemical biosensors, suitable for direct ion detection. By varying the voltage at the gate, 
the flow of current from the source to the drain can be varied. The gate can be modified with a 
nanomaterial layer over which the bioreceptor is functionalized in order to enhance the sensitivity 
of the device to any electrochemical change. When the analyte solution is brought into contact with 
the gate electrode, a change in ions released due to interaction with the nanobiohybrid receptor can 
change the gate potential, which is proportional to the analyte concentration (Odobašić et al., 2019). 

Screen-printed electrodes (SPE) and paper-based electrodes are significant advancements of 
nanobiosensors as they can be mass-fabricated cost effectively and be utilized as single-use disposable 
kits that require low sample volume and eliminate the need for electrode cleaning and related 
biohazards. They have been widely employed as transducers of (bio)sensing devices. Some of the 
strategies by which nanomaterials can help in the electrochemical detection are: (1) direct detection 
methods, where the nanomaterials are directly detected using a redox process; (2) digestion methods, 
where the nanomaterials are dissolved to liberate ions, which can be measured directly by an ISE; 
(3) methods wherein an electrocatalytic reaction acts as an indirect indicator for nanomaterial 
estimation; (4) surface-enhanced processes, wherein the surface properties of the nanomaterials 
can in turn augment the signal; (5) nanoimpact methods, where individual nanomaterials can be 
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Figure 9.1 (a) Different types of electrochemical nanobiosensors and (b) the different signals obtained (Banerjee 
et al., 2021; Curulli, 2021; Damiati & Schuster, 2020; Dincer et al., 2019; Martín-Yerga, 2019; Shen et al., 2014). 


sensed by stochastic collisions on the surface of the electrode (Martín-Yerga, 2019). One example of 
the latter class of biosensors is a whole cell sandwich immunoassay for bacterial capture followed 
by amperometric sensing using a carbon SPE. The target analyte was recognized by capture onto 
antibody-coated Fe;O,Qpoly(dopamine) magnetic NPs and another detector antibody-labeled with 
horseradish peroxidase was used to create an immunocomplex, which was captured on the carbon 
SPE using a magnetic field. The assay was specific for Legionella and could sense as low as 10 CFU/ 
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Table 9.2 Electrochemical biosensors with principles, advantages, and disadvantages. 


Source: Modified from Kulkarni et al. (2022). 


mL (after preconcentrating using a membrane) with a response time of <3 h in comparison to 10 days 
required for standard methods. This nanobiohybrid sensor can be used as a rapid screening technique 
for contaminated water sources (Martín et al., 2015). 


9.5.2 Optical nanobiohybrid sensors 

This biosensor class utilizes a transducer to detect optical variations in the incoming light as a 
result of the analyte interaction with the bioreceptor, and the amplitude of these variations can be 
correlated with the analyte concentration. The major benefits of using optical biosensors include 
their noninvasive measurement, simplicity, insensitivity to electromagnetic interference, small 
instrumentation, and in vivo applicability due to their non-electrical nature. In these biosensors, a 
variation in absorption, transmission, refraction, reflection, phase, amplitude, frequency, and/or light 
polarization can be measured in response to physical/chemical changes noted in the bioreceptors. 
Several optical principles like surface plasmon resonance (SPR), evanescent wave (EW) fluorescence, 
optical waveguide interferometry, chemiluminescence, fluorescence, refractive index, and surfaced- 
enhanced Raman scattering can be used for the detection (Figure 9.2). They can be label-free or 
labeled detection based on whether labels with particular properties are used for detection of a specific 
target rather than direct measurement of the binding events. Several plasmonic nanomaterials like 
Au, Ag, and Pt nanoparticles are strong absorbers and scatterers of light and are extremely useful for 
the construction of optical nanobiohybrid sensors. They can be exploited for color-changing sensors, 
labeling, and surface-enhanced spectroscopy in order to monitor molecular binding interactions. By 
tuning the morphology and composition of these nanomaterials, the optical responses can be easily 
varied from the ultraviolet (UV) to near-infrared (NIR) regions of the electromagnetic spectrum. 
Nanomaterials can act as (Gao et al., 2020) 


(a) carrier for antibodies and enzymes and help to amplify the signals by concentrating the 
bioreceptors 

(b) enzyme mimic to replace natural enzymes 

(c) signal transducer 


Absorption-based biosensors are simple and low-cost instruments that can differentiate and quantify 
analytes based on the specific wavelength transmitted by them. The light can be guided from the 
source to the sample and then to the detector using optical fibers in some cases. Based on the optical 
configuration, they can be classified as intrinsic or extrinsic based on whether the light is modulated 
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in the propagating fiber itself or if the modulation takes place on another medium and the signal is 
recollected and transmitted. Tapered optical fibers can be frequently used for measuring different 
optical parameters using different techniques, one of which is the evanescent field sensing. When light 
passes to the sample from the optical fiber, evanescence waves are produced at the interface by total 
internal reflection (TIR), and there is an exponential decay of the signal intensity proportional to the 
distance from the interface. These evanescent waves can be used to understand the analyte binding 
and concentration (Touhami, 2014). 

Another example of label-free sensing is the optical detection using a SPR biosensor. Here, an 
amplified light intensity illuminates the metal-dielectric interface at a specific angle and excites 
electrons in the metal to generate electromagnetic waves called surface plasmons. A reduced reflected 
light intensity relative to the incident light can be observed only at the resonance angle, wherein the 
incident light photons have similar momentum to that of the surface plasmons, which is necessary 
for creating the resonance. The propagation of the electromagnetic waves depends on the refractive 
index of the material or density of molecules close to the metallic surface that is functionalized with 
the bioreceptor. Specific molecular interactions or reactions caused by the analyte binding can cause 
refractive index changes that can be detected by the SPR as a function of resonance angle changes. By 
exploring the SPR properties for metallic nanomaterials like Ag and Au, a new phenomenon termed 
localized surface plasmon resonance (LSPR) could be witnessed (Naresh & Lee, 2021). Here, the 
main difference is that the plasmon resonance is governed by the total internal reflection occurring 
locally at the nanomaterial surface rather than at the metal surface in the case of SPR. This enables 
the colorimetric detection of different analytes based on the shift in wavelength or intensity of the 
LSPR peak due to changes in interparticle distance, size, shape, or refractive index of the bioreceptor- 
bound NPs after analyte interaction. The nanohybrids can also be immobilized on paper or a cellulose 
membrane to give paper-based assays and lateral flow strips that can help in the visual detection using 
naked eyes (Mauriz, 2020; Naresh & Lee, 2021). For example, several heavy metals can selectively 
etch the ends of gold nanorods and reduce their aspect ratio and finally convert them into spheres. 
This decrease in nanorod length could correspondingly result in a blue shift in the longitudinal SPR 
based on the concentration of Cr (VI) in water (Alex et al., 2016). 

Fluorescence-based biosensors can detect fluorescence intensity changes caused directly by the 
presence of fluorescent target analytes or indirectly by using fluorophore labels for indicating the 
analyte concentration, among which the latter techniques are employed more commonly due to the 
absence of inherent fluorescence for common analytes. Fluorescent molecules should be able to absorb 
UV/visible light of a specific frequency, get excited and emit light of lower frequency (visible) due to 
energy losses resulting from vibrational relaxation. The method has high sensitivity, selectivity, and 
fast response time. The commonly used fluorophores for this class of biosensors include dyes, QDs, 
and fluorescent proteins. The main strategies followed for detection are: 


(1) Fluorescence quenching (turn-off) or enhancement (turn-on) due to the presence of target 
analyte. 

(2) Fluorophores can be added as labels for enzyme-linked immunosorbent assays (ELISAs) for 
antigen quantification. 

(3) Fluorescence resonance energy transfer (FRET) involves nonradiative energy transfer to an 
acceptor molecule at the ground state from an excited donor molecule via long-range multipole 
interactions. As FRET is a highly sensitive strategy to detect changes in small distance 
between biomolecules (angstroms to nanometers), it can be used in several aptamer-based 
detection techniques to form active nanodevices like molecular beacons, optical scissors, 
and duplex-tetraplex devices (Gaviria-Arroyave et al., 2020). Gold NPs have been commonly 
used as fluorescence quenchers in several FRET biosensors for the detection of specific DNA 
sequences. In one study, gold NPs were attached to oligonucleotides labeled with a thiol group 
at one end and a fluorophore at the other end. This nanobiohybrid could readily self-assemble 
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to form a constrained arch-like structure on the NP surface, wherein the quenching happens 
due to the proximity of the fluorophore and quencher within the Fórster distance. When 
the target analyte was added to this construct, a conformational change could restore the 
quenched fluorescence of the fluorophore due to an increase in separation distance between 
the fluorophore and quencher. This strategy can be used for the identification of bacteria and 
viruses in environmental samples (Oh et al., 2016). 


Luminescence-based optical sensors can be categorized as chemiluminescent and bioluminescent 
sensors (Naresh & Lee, 2021). In contrast to fluorescence, the triggered level of the target atoms/ 
molecules can be acquired by an exothermic chemical reaction, and during the return of the excited 
species to the ground state, emission of light happens, which may or may not be accompanied by the 
liberation of heat. When these chemical reactions take place in biological entities, the phenomenon 
is termed as bioluminescence. The method is simple, sensitive and has a wide calibration limit. By 
using several nanomaterials for the chemiluminescence-based studies, the intrinsic sensitivity and 
applicability of these devices can be greatly enhanced (Mauriz, 2020). 

Surface-enhanced Raman scattering (SERS) nanosensors are ultrasensitive nondestructive 
spectroscopic devices that can perform single molecular level identification of analytes (Naresh & 
Lee, 2021). Biorecognitive interactions can produce resonance enhancements in metal nanoclusters 
and are instrumental to study antigen-antibody, lectin-sugar, and protein-receptor interactions. 
Nanoclusters can be triggered to bind or dissociate based on the addition of analytes, and these 
nanomaterials are placed at a specific distance from a reflecting and preferably an electron-conducting 
substrate surface to obtain clear detectable signals (Jeon et al., 2016). 

Few other examples of optical nanosensors in combination with other transduction methods 
can also be noted. SoltanRezaee and Bodaghi (2020) have devised a mechanical cantilever-based 
nanosensor for the detection of analytes. Nanocantilever modified with the bioreceptor molecules 
can deflect proportional to the concentration of the analyte binding to the nanocantilever, and the 
deflection can be quantified optically using a laser (SoltanRezaee & Bodaghi, 2020). Liu et al. (2014) 
had constructed an opto-magnetic nanobiohybrid sensor for mercury detection using a sandwich 
assay. A core-shell nanomaterial made of magnetic silica spheres coated with gold was taken with 
Raman-labeled Au NPs and each bound to complementary DNA strands. These DNA strands can 
only fully hybridize in the presence of mercury, which reduces the inter-probe spacing and creates a 
plasmonic hotspot; the hybridized molecules can be magnetically separated and detected using SERS 
(Liu et al., 2014). 


9.5.3 Magnetic nanobiohybrid sensors 

Magnetic nanoparticles (MNPs) can have interesting properties as they reach single domain and 
can be superparamagnetic (Fe;O,) and be made of various materials like greigite (Fe;S,), maghemite 
(g-Fe,O;), and various types of ferrites (MeOFe,O;, where Me = Ni, Co, Mg, Zn, Mn, etc.), all of which 
are useful in making powerful and versatile biosensors. A major advantage of this type of transducer is 
that they give low background signal (i.e., can be used for turbid samples) and can work regardless of the 
optical properties of the solution. Biomolecule-bound magnetic nanomaterials can help in separating 
and enriching the target molecule of interest using various methods. For magnetic cell sorting, 
magnetically tagged cells can be manipulated, isolated, and analyzed using magnetic field gradients. 
Thus, MNPs can facilitate the pre-concentration of analytes prior to use for detection by optical or 
electrochemical transducers (Wang et al., 2022). Magnetic sensors have been created by employing 
various physical phenomena such as electromagnetic induction, Hall effect, giant magnetoresistance 
(GMR) (Mani et al., 2011), nuclear magnetic resonance (NMR) (Luo & Alocilja, 2017), anisotropic 
magnetoresistance (AMR), tunnel magnetoresistance (TMR), and giant magnetoimpedance (GMI). 
[Some of these methods are shown in (Figure 9.5).] For high sensitivity applications, superconducting 
quantum interference devices (SQUID) are one of the primary choices (Khan et al., 2021). 
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For magnetic immunoassays where target analytes are recognized using bioreceptor molecules 
that are magnetically tagged, their magnetic field can be directly quantified using a magnetometer to 
estimate the analyte concentration. In these techniques, when the magnetic tags used here are taken 
to nano dimensions, their magnetic properties are enhanced. In a special type of immunoassay, a 
‘microscope’ based on a high-transition temperature direct current or DC SQUID in combination 
with superparamagnetic nanomaterials can be used in the rapid recognition of biomolecular target 
analytes. The device generally has one/two superconductors separated by thin insulating layers to 
create one/two parallel Josephson junctions, which can be manifested to measure extremely small 
magnetic fields in biological samples. When antibody-tagged superparamagnetic nanomaterials are 
added to samples in a well where 1-s pulses of magnetic field are employed parallel to the SQUID, 
the nanomaterials develop a net magnetization in the presence of the aligning field that relaxes upon 
turning off the field. Unbound nanomaterials with a diameter smaller than 100 nm can swiftly undergo 
Brownian relaxation and produce no measurable signal (so fast that the large background of unbound 
nanoparticles does not interfere with the quantification of nanoparticle binding events). The target- 
bound nanomaterials are captured as they undergo Néel relaxation with a measurable relaxation 
timescale of a few milliseconds-seconds, resulting in a slowly decaying magnetic flux, which can be 
measured by the SQUID. Thus, using a homogeneous assay, nanomaterial-bound target analytes can 
be distinguished without separation and removal of unbound particles. A SQUID-based bulk-type 
magnetometer has a detection limit down to around 1 x 1012 magnetic NPs/mL for particle sizes (10- 
20 nm) with 50 uL sample volumes. The sensitivity of SQUIDs to incredibly small localized magnetic 
signals can be enhanced by downsizing the SQUID dimensions to the nanometric scale (Chemla 
et al., 2000). 

Alternatively, GMR sensors can be used to detect 16-nm MNPs with a resolution of up to 23 
particles. For these transducers, the application of external magnetic fields can alter the electrical 
resistance of the conductor. This phenomenon occurs strictly in thin nanoscale magnetic layers 
separated by nanoscale spacing between them. The sensitivity can be enhanced by trapping MNPs 
near the GMR sensor edge, where the strong fringe-fields are active and thus, improve the GMR 
response per MNP. This can be achieved by permitting the MNP solution to flow through microfluidic 
channels parallel to the edge of the GMR sensor under Poiseuille flow (Little, 2012). 

NMR is based on the absorption and re-emission of electromagnetic radiation by certain nuclei 
when exposed to a magnetic field. NMR can be used for non-destructive analyses since the signal 
can penetrate turbid raw samples, thereby eliminating the need for tedious sample preparation and 
reducing analysis time. For the preparation of portable NMR transducers, MNPs can be used as the 
proximity sensors to augment molecular interactions. The binding of analytes to bioreceptor-bound 
MNPs can help to form MNP-conjugated clusters and the interference from unbound MNPs can be 
minimized well by magnetically separating the clusters. The formation of clusters causes a reduction 
in the bulk spin-spin relaxation time (T5) of the surrounding water molecules, which can be used to 
assess the target analyte concentration (Hojjati-Najafabadi et al., 2022). 


9.5.4 Gravimetric nanobiohybrid sensors 
This class of biosensors determines the analyte concentration based on the mass changes noted after 
the binding of the analyte to a bioreceptor immobilized on a nanotransducer, which results in a 
change in the vibration frequency of the transducer that is converted to an electrical signal (Touhami, 
2014). A piezoelectric material (like quartz) can be subjected to light or allowed to vibrate using an 
electric field in order to identify the specific angle of emission of the electron waves. The frequency 
change corresponds to the mass of the absorbed material. The commonly used devices are quartz 
crystal microbalance (QCM) and surface acoustic wave (SAW). 

Acoustic wave nanobiosensors provide good improvement in the analyte sensitivity. The 
mass-amplified QCM assay variant uses bioreceptor-functionalized sol particles that can attach 
indirectly to an electrode surface through complexation of the target that has been captured on an 
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antibody-functionalized electrode surface. These are most commonly used for gaseous pollutants 
only. The significant mass changes after binding can considerably alter the vibrational frequency of 
the quartz crystal, thereby giving higher sensitivity of the analyte. The diameter of the sol is preferably 
taken in the nano range (5-100 nm) as it can greatly improve the signal. The bioassay can be performed 
in a competitive mode. The preferred diameter of sol particles is in the range of 5-100 nm, and the 
nanomaterials used are generally of higher densities (e.g., Au, CdS, Pt, TiO,, and polymers) (Jianrong 
et al., 2004). 

Gravimetric biosensors are generally found to be inconvenient for usage in mixed aqueous samples 
due to the poor discrimination of specific compounds. Though piezoelectric biosensors have been 
widely used for sensing gaseous-phase pollutants, some studies are available for testing in water samples 
using QCM and SAW. Cross-linked polymer matrices and molecularly imprinted polymers (MIP) can 
exhibit good viscoelasticity and undergo swift uptake of the specific pollutant through swelling, which 
could result in a corresponding shift in mass and vibrating frequency of the polymer. The material can 
be tailored for detection of specific environmental pollutants such as toluene, benzene, xylene (BTX), 
and the discrimination of few PAHs in mixed samples. However, polymer-based gravimetric sensors 
may suffer from setbacks related to complex response mechanisms, insufficient frequency changes due 
to the various processing done during polymer coating, and requirement of good understanding prior 
to application in environmental samples (Zarejousheghani et al., 2021). Sadek and his group have 
used various nanobiohybrids for the QCM-based detection of different environmental pollutants such 
as methylene blue, Pb (II), and Cd (II) (Figure 9.4a) (Al-Qasmi et al., 2022). Hüseynli et al. (2019) have 
used QCM chips imprinted with co-complexed allyl mercaptane and Hg (IT) ions for the detection of 
Hg (II) ions in wastewater (Hüseynli et al., 2019). 

The incorporation of nanomaterials in conventional piezoelectric transducers can yield several 
advantages since nanobiohybrid-based piezoelectric devices can: 


(1) Endure greater deformations (this is essential for the assembly of robust, yet flexible and 
conformable devices) 


(2 Have considerably larger piezoelectric coefficients 

(3) Have larger force-to-displacement sensitivities 

(4 Require lesser driving voltage and energy 

(5) Be lighter and faster 

(6) Have good transparency 

(7) Use materials that are not piezoelectric in their bulk state, but achieve piezoelectric nature 


when they are used in the single-layer (or odd number of layers) state 

(8) Allow the material to be engineered more effectively 

(9) Be simpler to simulate at the atomic level and exploit the mechanisms that are active only 
when the dimensions become comparable or smaller to crucial characteristic lengths in the 
nanoscale regime (e.g. exciton Bohr radius, wavelength of light, phonon mean free path, and 
dimensions of magnetic domains) 

(10) Take advantage of the unique fabrication techniques, especially wet-chemistry (i.e. simple, 
low-cost, and requires lower temperature, and the nanotransducer can be co-integrated with 
electronics and be fabricated as flexible PCBs), utilize natural materials (e.g. viruses or spider 
silk), and can be 3D printed. 

(11) Be fabricated with lesser restrictions regarding the dimensions/shape/structure, possibilities 
to interrupt the anti-symmetry of the strain-piezopotential relation, mechanical input types, 
contact positions, and the option to intimately bring together various piezoelectric structures 
in a single device (e.g. two nanomaterials with opposite c-axes can be linked in series). 

(12) Be designed as an array of transducers with exceptional spatial resolution. 

(13) Facilitate the preparation of wireless nanotransducers for energy harvesting applications 
from environmental water samples (Falconi, 2019). 
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9.5.5 Calorimetric nanobiohybrid sensors 

Thermal or calorimetric biosensors or enzyme thermistors utilize transducers that detect interactions 
between biological recognition molecules and an analyte that can result in a temperature change 
(absorption or evolution of heat). The total heat energy absorbed/released or the temperature change 
(AT) measured by calorimetric biosensors is directly related to the enthalpy (AH) and the total 
number of product molecules (7,) resulting from the biochemical reaction and inversely related to 
the heat capacity (C,) of the reaction, as shown by the equation AT = — (n, AH)/C, (Naresh & Lee, 
2021). Calorimetric biosensors can provide full thermodynamic profiling, such as the measurement 
of enthalpy, free energy, entropy, and the kinetic analysis of bioprocesses. Some advantages of 
calorimetric biosensors are that the signal is not disturbed by electrochemical and optical properties 
of the sample and that the instrument does not require frequent recalibration. 

Enzymes are frequently used as the bioreceptors for thermal biosensors due to the exothermic 
nature of the reactions catalyzed by them. However, the application of thermal biosensors is limited 
as they lack specificity in quantifying temperature changes related to the biochemical reaction alone 
(non-specific heat changes can also be measured) and also may involve time-consuming experimental 
procedures. This can be overcome by the integration of nanomaterials to improve the sensitivity and 
response rate (Touhami, 2014). The configuration for flow injection analysis consists of a nanomaterial- 
immobilized biocatalyst reactor in combination with a differential temperature measurement system 
using a pair of thermal transducers like thermistors or thermopiles that are positioned across the enzyme 
column reactor. This differential temperature analyser reduces the effects of ambient temperature 
fluctuations and helps measuring the catalysis-specific thermal signal that is proportionate to the 
analyte concentration. The enthalpy shifts normally observed for enzymatic reactions are usually in 
the range from —10 to —200 kJ/mol, and this is sufficient to quantify the substrate at environmentally 
relevant levels for a range of pollutants. 

Thermometric methods are advantageous for multiple-step catalysis as the sum of all enthalpies gives 
the assay's sensitivity (Naresh & Lee, 2021). Additionally, nanocalorimeter-based thermal ELISAs can 
quickly detect small temperature changes of nanojoules in enzyme-based immunoassays to deliver fast, 
quantifiable electronic readouts (Figure 9.4b) (Hüseynli et al., 2019). The most commonly employed 
temperature sensors or transducers in these devices are thermistors or thermopiles. The thermistor 
is a sensitive thermal transducer, whose electrical resistance varies based on temperature changes. 
Thermopiles determine the temperature variation between two thermocouple junctions made using 
metals or semiconductors and are connected in series. Other recently used thermal transducers include 
liquid gas expansion, bimetallic strips, and pyroelectric systems, and microelectromechanical systems 
(MEMS). MEMS-based thermal transducers have multiple advantages like economic integration of 
miniaturized devices and their batch fabrication, simultaneous measurement of different samples in 
parallel, improved thermal isolation, low thermal mass, reduced sample volume, linear range, higher 
sensitivity, quick response time, and low power consumption (Naresh & Lee, 2021). 


9.6 CONCLUSION 


Sensors have become an integral part of many modern-day technologies and offer versatile applications 
in the fields of environmental and healthcare management. The exponential growth in the field 
of sensing is primarily attributed to the many advancements in the field of material sciences and 
nanotechnology. The variations in material properties at the nanoscale are important factors that 
enable sensitive detection of low levels of analytes with high precision and reliability in practical 
applications. 

Owing to the depreciation in water quality over the years, continuous and meticulous detection 
of toxic pollutant levels in water has become an inevitable requirement for devising sustainable 
solutions. Biosensors based on novel nanobiohybrid materials with high sensitivity and selectivity 
have been widely explored for the use in this area. Nanobiohybrids, with augmentative characteristics 
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of biological components and unique material properties in nanoscale have shown to be of value in 
design of sophisticated sensing systems. In this chapter, we have highlighted the various choices of 
biological and synthetic material components in the design of nanobiohybrids along with the various 
mechanisms of biological signal transduction for sensing applications. These sensing systems come in 
various shapes and sizes, with scope for miniaturization and portability or robust in-situ analysis of 
pollutants in water. 
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ABSTRACT 


The destructive effects of the world's population growth, which have led to the overuse of primary resources, are 
evident today. Recently, the world has hit an 8 billion population mark, which is accompanied by an increase in waste 
generation. Anthropogenic activities lead to environmental pollution that is a problem of great importance, and it is 
essential to develop economically sound, eco-friendly, and sustainable technologies to tackle this ever-increasing 
problem of the 21st century. Innovations are required since they can contribute to the creation of sophisticated, 
sustainable, and novel goods for ecological repair. Such properties can be seen in the current advancements of 
nanotechnologies and new performing nanomaterials. They have a substantial surface area, enzymatic activity, 
and responsiveness and are easily functionalized to chemically modify their characteristics. This chapter examines 
current advancements in bioremediation methods used in conjunction with various nanocomposites and 
nanobiohybrids to recover the environment from pollution. Special focus is placed on environmentally friendly and 
regenerative nanosolutions, as well as their secure properties. 


Keywords: bioaugmentation, environment, nanobiohybrids, nanoparticles, pollutants 


10.1 INTRODUCTION 


10.1.1 Need for environmental bioremediation 

Human activities in cities, agriculture, and industries generate plant waste and urban sewage are 
on the rise, creating dangerous and negative consequences on the earth's ecosystems as well as 
overall human health. These environmental contaminants and pollutants constantly threaten the 
earth's future. It is imperative that society finds innovative strategies to combat far more frequent 
contaminants and deploys new clean-up techniques. 
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There is exponential growth in new types of pollutants and their emerging resistance toward older 
remediation techniques (Morin-Crini et al., 2022; Rathi et al., 2021; Valdez-Carrillo et al., 2020). 
Current techniques used to tackle pollution are not regarded as completely safe and do not protect the 
environment to the desired extent (Figure 10.1). 


10.1.2 Nanotechnology for environmental remediation 
Current clean-up efforts need to be improved by better techniques and to respond quickly when 
ecological crises such as oil spillage or forest fires occur. It is also essential to remove as many toxins 
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Figure 10.1 Need for nanobiohybrids for the removal of environmental pollutants produced from agricultural 
factories, waste materials, and urban sewage. Some modern clean-up techniques have been implemented to 
address these issues, but they cause secondary pollutant formation and hence limit their use. Nanobiohybrids are 
used to remove pollutants due to their advantages of catalytic activity, reactivity and high surface area. 
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as possible from the environment to protect the planet's future. Currently employed techniques for 
bioremediation and waste management are not always eco-friendly. For example, treatment facilities 
for sewage or polymer absorbents of oil contaminants generate so much secondary pollution that they 
do not actually compensate for the remediation action. Nanotechnologies and new nanomaterials 
have a wide range of uses in a variety of industries. Because of their qualities, they have a size effect, 
catalytic capacity, reactivity, and high surface area. In fact, nanomaterials are currently used to build 
sustainable, sophisticated, and novel products and processes for pollutant removal (AbouElmaaty 
et al., 2021; Dontsova et al., 2019; Ielo et al., 2021b; Lemming et al., 2012; Lu et al., 2016; Santhosh 
et al., 2016). Particular polymers as well as matrices are employed to create nanocomposites and 
mixed substances having specified biochemical and mechanical characteristics. 

Within this context, the following suitable nanomaterials that may be employed as nanofillers can 
be categorized: 


(i) | Nanoparticles (NPs) of metal oxides, such as TiO,, ZnO, ALO,, Fe;O,, and SiO, produced 
through hydrothermal or sol-gel processes. 

(ii) Metal nanomaterials, such as Pd, Pt, Ag, Al, Ru, Ni, Cu, and Au NPs characterized by different 
molecular, optical, and electric attributes. 

(iii) Silica-based NPs, and zeolite with mesoporous shape. 

(iv) Ceramic NPs. 

(v) Bimetallic NPs. 

(vi) Carbon NPs, that is, carbon nanotubes CNT, graphene sheets, and fullerene. 

(vii) Bionanomaterials, polymeric nanomaterials, core-shell nanomaterials, and metal-organic 

frameworks. 


Such composite sustainably grown NPs are created through diverse combinations involving both 
crystalline or amorphous stages, as well as through other chemical modifications (Descalzo et al., 
2006; Saleh, 2020). They can be classified into: 


(1) Crossovers: molecular or atomic combinations from various elements with chemical reactions 
among them. 

(2) Nanobiohybrids: involve molecular or atomic combinations of various elements with biological 
component (enzyme or microorganism) having (bio)chemical reactions among each other. 

(3) Composite materials: combinations comprising elements comprised of a medium having 
micrometre scattering. 

(4) Nanocomposites: submicrometric combinations (1-100 nm) with elements of similar nature. 
The nanocomposite method can include hybrid methods that use organic or inorganic 
constituent units and have nanometric dimensions. 


10.1.3 Nanohybrids 
According to the interaction of the two phases, nanohybrid materials can be classified into the 
following (Garcia-Martinez & Collar, 2020): 


Class I hybrids: Class I hybrids are characterized by the interaction between the two phases, 
which are very weak, for instance, van der Waal interactions, hydrogen connections, or low 
electrostatic forces. 

Class II composites: Class II hybrids show a strong interaction between the phases in the order of 
first-order ionic bonds and covalent bonds. If the molecular contact among both inorganic and 
organic stages is weak, it can be categorized as class I behavior, which is a constant component 
that ‘traps’ a single scattered stage (a) or two consecutive interpenetrated stages (b). 


If the molecular contact among both inorganic and organic stages is strong, distinct inorganic 
entities arise, for instance, groups chemically attached to a continuing organic layer or likewise (a’) or 
two consecutive phases covalently coupled to Class II mixed substances. The categories comprising 
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nanoblends as well as nanocomposites are founded on certain useful nanomaterials that operate as 
nanofillers when combined with both inorganic and organic polymeric composites. Soldier approaches 
are used to obtain these (Castellano et al., 2019; Guido et al., 2014; Plutino et al., 2017; Trovato et al., 
2018, 2020). 

The physical-mechanical and adsorbent capabilities of nanobiohydrids might be successfully 
employed for the management of sewage and groundwater that are polluted by organic molecules, 
heavy metals, petroleum hydrocarbons, or viruses along with other germs (Ucankus et al., 2018). 
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Figure 10.2 Impact of nanocomposite hybrids on bioremediation. The nanocomposite hybrids use substrate 
required for bacterial growth and enhance the degradation of pollutants by using enzymes, fungi, and bacteria to 
remove contaminants and promote the decomposition of organic and inorganic pollutants. The titanium dioxide 
nanocomposite induces the photocatalytic degradation of contaminants. 
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The properties of nanomaterials are versatile and tunable for different polymers, which has led to the 
innovation of new functional nanocomposites and nanohybrids for pollution tackling in regard to 
TiO, hybrid nanocomposites. This is an important property of these nanocomposites that helps the 
catalytic and photocatalytic degradation of contaminants in the environment (Szczepanik, 2017), but 
there is also the possibility of using them in environmental remediation. 

These nanocomposites can also be used as a substrate that is ideal for microbial growth which 
promotes or increases the degradation of pollutants from the ecosystem (Vázquez-Nüfiez et al., 2020). 
Remediation can also be regarded as a green technology. This method makes use of fungi, bacteria, 
and sometimes enzymes for the removal of contaminants from the environment, thus producing 
fewer side effects (Figure 10.2). Hence, this approach can be considered natural and sustainable, as it 
promotes the decomposition of inorganic and organic pollutants from the contaminated environment 
and follows an ecological path. There are generally two types of bioremediation that are undertaken. 
The first is in situ bioremediation, where the treatment of the environment is done at the same place 
as the contamination. The second is ex situ treatment, in which the polluted substance is being 
treated somewhere else (Cappello ef al., 2019; Catania ef al., 2020; Vázquez-Nüfiez et al., 2020). 
Typical bioremediation methods are biosparging, bioaugmentation, bioventing, land agriculture, 
biostimulation, and recycling (Kumar et al., 2018; Mahjoubi et al., 2017). 

In the scientific literature, numerous examples exist of how nanotechnologies and bioremediation 
methods might be combined (Scaffaro et al., 2017), as reported in this chapter. Eco-friendly methods 
for environmental restoration can be used in conjunction with the characteristics of NPs (Corsi 
et al., 2018). The creation of novel nanocomposites and hybrids with various functional features 
that can also be easily recycled and reused to prevent them from becoming a source of waste or 
secondary contamination represents new developments in this area. This chapter discusses the most 
recent advancements in bioremediation methods used in conjunction with various nanomaterials, 
nanocomposites, and nanobiohybrids for polluted areas. It focuses on nanohybrids and nanocomposites 
produced from metal NPs, metal oxide NPs, and silica-based nanomaterials. Humans focus on 
environmentally and regenerative nanosolutions to perform research and innovation activities to 
develop sustainable methods in the area of environmental services and biotransformation. 


10.2 METAL NPS 


Nanotechnology helps with the delivery of drugs which are poorly water soluable, and also provides 
the platform to bypass the liver, thus preventing the first pass metabolism (Gholap, 2012; Gholap 
& Musmade, 2011; Gholap & Rajurkar, 2012d; Gholap et al., 2023a, 2025b, 2023c). It also helps 
with active targeting of several diseases like cancers with the help of elastic vesicles, nanocarriers, 
and metal NPs for effective disease treatment to patients (Gholap & Rajurkar, 2012a, 2012b, 2012c; 
Khedkar et al., 2012a, 2012b). 


10.2.1 Properties of metal NPs 
Metal nanoparticles (MNPs) related to metals or noble metals such as Ru, Ag, Cu, Pt, Pd, Au, and AI 
differ from the bulk material due to their small size and high surface-to-volume ratio (Chandrakala 
et al., 2022). MNPs can kill bacteria and have antibacterial capabilities that are applied by several 
processes, such as the formation of radical oxygen molecules, specific release of ATP and membrane 
interaction (Figure 10.3) (Slavin et aL, 2017). MNPs exhibit significant optical and electrical 
characteristics (suppression and absorption), plasmon resonance, Raman scattering and Rayleigh 
phenomenon (Doria ef al., 2012; Kelly et al., 2005). They can also have enzymatic characteristics 
with activity that varies according to the chemical/physical eco-system morphology, oxidation state, 
content, and particle density (Cuenya, 2010). 

These traits enable NPs to find application in various sectors, such as smart textiles, biosensing, 
nanocatalysis sensing (Elmaaty ef al. 2022), diagnostics, drug delivery therapeutics imaging, 
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Figure 10.3 Potential of NP hybrids for environmental benefits. Metal NPs kill the bacteria and control the ROS 
through the release of ATP exhaustion and induce injury on membrane through molecular interactions. Metal NPs 
are mixed with polymer matrices to produce operational nanohybrids, which are later grafted into polymembranes 
to extend the capacity of ultrafiltration and nanofiltration to remove environmental pollutants. 


biomedicine (imaging, molecular diagnostics, therapeutics and drug delivery) (De Luca et al., 2018; 
Ielo et al., 2021c, 2021d; Saturnino et al., 2018), and the environmental remediation sector. To generate 
MNPs, top-down or bottom-up procedures can be used, including chemical (e.g., chemical vapor 
deposition, chemical reduction, coprecipitation, photochemical reduction, thermal breakdown and 
hydrolyzation), physical, and other methods (e.g., laser ablation, mechanical milling, ion sputtering, 
grinding, flame pyrolysis, and vapor deposition). Those techniques are under the top-down or 
bottom-up categories (Jamkhande et al., 2019). 
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10.2.2 MNP composite applications in membrane technology 

To create the final materials’ physical characteristics, MNPs with distinct and useful characteristics 
can be combined with polymeric matrices to form operational nanohybrids or nanomaterials. This can 
result in the formation of different and composite NPs, including composite NPs, core/shell NPs, or 
surface-modified polymer composites, comprising separated NPs delicately scattered inside a polymer, 
and microsphere composite nanomaterials, which are larger nanocomposite spheres (Hanemann & 
Szabó, 2010). 

Existing remediation techniques can be amalgamated with these functional materials using 
different approaches. The approaches can be grafted in the polymembrane for ultrafiltration and 
nanofiltration processes or imparting it to improve the antifouling characteristics (Ajmal et al., 2016; 
Ali et aL, 2017; Çalışkan & Baran, 2022; Gnanaprakasam et al., 2016; Hanemann & Szabó, 2010; 
Kang et al., 2018; Li et al., 2017; Mohammad et al., 2015; Nechifor et al., 2021a, 2021c; Pandey et al., 
2022; Sun et al., 2022; Wali et al., 2019; Yang et al., 2015; Zhu et al., 2014). One of the most severe 
issues with membrane technology is fouling. Fouling can compromise the filtration efficiency of the 
membrane and reduce its lifetime. It is typically induced by compounds present in sewage, such as 
bacterial proteins and extracellular substances (Ielo et al., 2021a; Shahkaramipour et al., 2017). 

A poly(vinylidene fluoride) (PVDF) tissue was transplanted with silver NP-poly(carboxybetaine 
methacrylate (AgNP-PCBMA) nanocomposites, which demonstrated antibacterial as well as antiprotein 
fouling abilities, especially against E. coli, using a physiosorbed free-radical transplantation method. 
The water flow recovered proportion (FRR), as well as the bovine serum albumin (BSA) refusal 
proportion were raised by 40% and 60%, respectively, due to improved hydrophilicity performance. 
The combination of AgNPs and PCBMA’s zwitterionic polymer brushes produced a synergistic effect 
that gave these properties (Li et al., 2017). 


10.2.3 MNP and degradation of environmental pollutants 

Nanocomposite membranes have advantages such as the capacity to function at relativity lower 
temperatures to conduct both reduction and oxidation processes within a single model, to have a 
large contact reactive area and to have no pollutants in the workplace ecosystem. They also present a 
suitable technique for recovering response volume via ultrafiltration (Nechifor et al., 2021b). Certain 
Au/Bi,WO, nanocomposites, created using a hydrothermal technique paired with a fast reduction- 
deposition procedure using varied Au weight ratios may be employed as visible-light selectivity 
photocatalysts in moisture. They enable UV visible light-driven preferential reduction and oxidation 
of certain contaminants, particularly when exposed to visible light and in an aerobic environment. 
This hybrid nanostructure exhibits a strong ability to reduce Cr(VI) in oxidizing benzylic alcohol and 
water. The optimal catalysts for this oxidation/reduction process are 2.0 wt% and 1.0 wt% Au/Bi, 
WO,, respectively (Yang et al., 2015). 

Olfactive photocatalysts in water can be used to oxidize harmful biological compounds such 
as methylene blue. Consider the employment of a heterostructure made of a plasmonic bimetal 
photocatalyst comprised of Pd-AgNPs as well as macroporous silica (macroPSi) as an example. Such 
heterostructure can enhance the efficiency of methylene blue degradation in water when subjected 
to ultraviolet light. The formation of this heterostructure involves a straightforward immersion 
process of macroporous silicon, which enables the deposition of monometallic and bimetallic NPs 
composed of Ag and Pd. In addition, it is possible to prepare monometallic photocatalysts, such as 
AgNPs/macroPSi and PdNPs/macroPSi. However, due to their enhanced particular surface area 
and plasmonic effect, bimetallic catalysts function better, with a greater efficiency (98.8%) as well as 
methylene blue biodegradability (0.033 min !) (Wali et al., 2019). 

MNPs are also used in a variety of other materials and composite structures (magnetic NPs) 
and utilize their catalytic properties, such as micelles, vesicles, and gels. Poly(methacrylic acid-co- 
acrylonitrile) microgels can be synthesized using inverse suspension polymerization. Subsequently, 
the nitrile groups in the microgels can be transformed into amidoxime groups, resulting in a more 
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hydrophilic amidoximated microgel. Loading amidoximated microgels with an aqueous phase of 
metal salts, for example Cu(II) as well as Co(II) ions, and then treating them with sodium borohydride 
allows for in situ synthesis of MNPs depending upon Co and Cu. The resultant amid-p(Mac-co-AN)-M 
(M: Cu, Co) microgel composite shows outstanding enzymatic activity in the combined breakdown 
of nitrophenoles and anionic and cationic organic dyes (methylene blue, eosin Y, and methyl orange), 
which are often found in polluted water environments. These systems also demonstrate the capacity 
to be recycled for several enzymatic processes. The amid-p(Mac-co-AN)-Cu hybrids, in particular, can 
operate as protective catalyst devices for a maximum of four rounds, while the amid-p(Mac-co-AN)-Co 
composite exhibited no decrease in enzymatic performance for as many as seven loops. As a result, 
amid-p(Mac-co-AN)-Co composites seem to have greater robustness in comparable aqueous conditions 
than Cu compounds. The strong coordinating connection between Co nanostructures and amidoxime 
molecules is responsible for these experimental data (Ajmal et al., 2016). 

A pH-responsive multipurpose homopolymer vesicle comprising poly[2-hydroxy-5-(naphthalen- 
1-y] amino) propyl methacrylate] (PHNA) and supported by AuNPs can also aid in the reduction of 
4-nitrophenol (Zhu et al., 2014). The AuNPs and the PHNA vesicle supporter work together to create 
a synergistic effect in this system. Additionally, the z—z interaction between the naphthalene pendants 
in PHNA vesicles makes them effective as adsorbents for polycyclic aromatic hydrocarbons, reducing 
their concentration to less than 0.876 ppb within 1h, making them useful for the remediation of 
polluted aquatic environments (Zhu et al., 2014). In addition to its effectiveness as an adsorbent, the 
pH-responsive absorbent system (PHNA vesicle) decorated with AuNPs is also recyclable, as it can 
act as a nanoreactor for the reduction of 4-nitrophenol in water by adding NaBH, (Zhu et al., 2014). 

Nanotechnology is also being used to create nanocomposites that combine the antibacterial and 
enzymatic capabilities of MNPs only with the physical qualities of biopolymers such as cellulose. 
A material made up of AgNPs and cellulose that is very simple to produce is an example of this 
kind of nanomaterials. This material is composed by adsorbing cellulose from fruit waste with 
AgNPs, resulting in nanocomposites with antibacterial, oxidative, and photodegradation qualities. 
The nanocomposite made of AgNPs and cellulose is simple to produce, and it has several beneficial 
properties. For example, discs manufactured of this nanocomposite can decrease a Staphylococcus 
culture by more than 90% in just 150 min. This substance also has a moderate antioxidant property, 
minor 2,2-diphenyl--picrylhydrazyl (DPPH) antioxidant activity, and a medium photodegradation 
ability in the sunshine. After approximately 60 min, the photodegradation ability may destroy 
methylene blue by up to 63.16% (Ali et al., 2017). 

Outside remediation and pollutant decomposition, MNP compounds and hybridization have a 
variety of applications, such as the construction of specific detectors for compounds. A group of 
polymeric Ag/micelle nanomaterials (AgNPs) functions as a base for ground absorption spectroscopy 
(SERS) to extract and measure pesticides, such as phosmet, acetamiprid, and thiabendazole (Rando 
et al, 2022). Polyurethane molecules have amphoteric properties, permitting them to absorb 
compounds while still maintaining the NP group. The procedure requires placing the polymeric 
AgNP/micelle substrate on the specimen surface, which might be spinach or apple, to remove and 
locate the desired compounds without the demand for any sample treatment (Xiang et al., 2022). 


10.3 METAL OXIDE NPS 


10.3.1 Properties of metal oxide NPs 

The field of environmental remediation dramatically benefits from the unique properties of metal 
oxide nanoparticles (MONPs), such as redox, photocatalytic, acid-base, filtration, and magnetic 
properties. When combined with polymeric supports, the properties of MONPs can enhance the 
mechanical strength, durability, and hydraulic properties of filtration systems. There are various types 
of MONP composites, including those consisting of polymer-supported NPs dispersed in polymeric 
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matrices. These composites are helpful in removing heavy metals from contaminated water and have 
the potential to be reused. Furthermore, magnetically active polymeric particles are significant and 
may be employed again in related applications. 

The literature has detailed several different synthesis methods for creating iron oxide NPs. 
They include hydrothermal/solvothermal synthesis, thermal breakdown, microemulsion, and the 
coprecipitation approach. MONPs, including zirconium oxide, cerium oxide, titanium dioxide, 
tin dioxide, ferric oxide, zinc oxide, and their nanocomposites with natural polymers are utilized 
to immobilize active enzymes that are utilized in bioremediation processes. Enzymes carry out 
degradation and detoxification of harmful and carcinogenic chemicals. MONPs are essential in 
facilitating the electron transfer process between the substrate and the active sites on the enzyme. 
The use of MONPs in biomonitoring procedures can also aid in speeding hydrocarbon oxidation, 
reducing their toxicity and fostering microbial growth. In fact, after using some MONPs for various 
remediation purposes, such as the removal of dangerous organic and inorganic compounds and 
oil/water separation, their magnetic properties, particularly those of ferrous oxide NPs, have been 
extensively used for the recovery of nanocomposite materials made up of different inorganic, organic, 
and polymeric matrices (Ali et al., 2019). 


10.3.2 Metal oxide NP composite and hybrid applications 

10.3.2.1 Titanium-based composites 

Several methods, including complexation, electrostatic attraction, and ion exchange, are used by 
MONP composites to absorb contaminants. Creating inner-sphere surface complexes is the basis 
for the adsorption of a new nanostructured ternary Fe, Ti, and Mn oxide. The Fe-Ti-Mn FTMO 
composite oxide is a prime example of adsorption based on the development of inner-sphere surface 
complexes. It was created by a one-step simultaneous oxidation and coprecipitation technique (Yin 
et al., 2019). Due to the development of inner-sphere surface complexes at the water/oxide interface 
under both light and dark circumstances, the substance has a high absorption efficiency for As(V) and 
AS(III), with a particular affinity for the latter. 

Titanium dioxide is a crucial metal oxide that is well known for its exceptional photocatalytic 
abilities. As a result, it is frequently used to create nanocomposites and nanohybrid materials that are 
intended for applications in environmental remediation and the destruction of various contaminants. 
Using lignocellulosic biomass generated from olive pits (OP), a composite material made of magnetic 
iron oxide and titanium dioxide was created. The substance, known as TiO;-OPQFe;O,, was created 
via a hydrothermal magnetization technique at 180?C after a sol-gel procedure assisted by ultrasound. 
Methylene blue, rhodamine B, Congo red, and Cr(VI) were successfully removed from contaminated 
aquatic systems by TiO,-OP@Fe,;O, using a combination of absorption and photocatalytic reactions 
triggered by visible light. The composite material demonstrated a 40-min Cr(VI) reduction rate of 
100% at pH 3 and a concentration of 10 ppm. 

As a matrix for both TiO, and Fe;O,, the lignocellulosic biomass is essential in keeping the two 
materials apart and from coming into contact. This matrix is important to prevent the dispersion of 
NPs in the treated water and to avoid an unfavorable heterojunction, which may lead to increased 
electron-hole charge recombination in pure TiO, and Fe;O,, ultimately causing lower photocatalytic 
performance. A natural alginate polymer can act as a matrix to hold the NPs in place. Fe;O, magnetic 
NPs are produced and enclosed in alginate using a reverse coprecipitation technique to create alginate 
magnetic NP beads to remove blue textile colors from water (Djellabi ef al., 2019). Several kinds of 
magnetite NPs are used to create these composite beads, including a bead of ferrous sulfate, ferrous 
sulfate and biochar, and ferrous sulfate, biochar, and graphite. After 5 h of equilibrium, the ferrous 
sulfate, biochar, and graphite alginate beads displayed 82.4% removal of azo blue dye (25 ppm). At pH 
8, 55.22% removal was observed for an initial dye concentration of 100 ppm. The utilization of these 
beads in nanobioremediation is conceivable (Lincy et al., 2020). 
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10.3.2.2 Composites based on carbon materials 

10.3.2.2.1 Graphene oxide-based nanocomposites 

The GO-MO nanocomposite, which contains graphene oxide aggregates impregnated with Mn oxide 
NPs, is an illustration of such a composite. The inner-sphere complexation mechanism of the GO-MO 
composite resulted in a very high absorption rate (799.9960) when it was evaluated using Cd(II) and 
Cu(II) as representative metals. Even when the column was operating, uptake was observed. After it 
was exhausted, the GO-MO composite can be regenerated by flushing it with a 10 BV acid-salt binary 
solution composed of 0.2 M HCl and 4 wt% CaCl,. More than 97% of the preloaded Cu(II) and Cd can 
be desorbed by this procedure (II) (Wan et al., 2018). 

It is also possible to mix GO with magnetic Fe4O, particles. A good illustration of a composite 
material that can be utilized to remove phosphate and nitrate ions from water is Fe;O, NPs covered 
with a core-shell structure of graphene oxide and carboxymethylcellulose (Fe;0,@GOCMC). One- 
pot synthesis is a viable method for creating this hybrid. Using a 0.1 N NaOH solution allows for the 
regeneration of the nanocomposite material and the elimination of the adsorbed anions. The Fe;0,@ 
GOCMC was dried after regeneration with 0.1 N NaOH solution and can be used again for up to four 
more adsorption-desorption cycles (Karthikeyan & Meenakshi, 2020). 


10.3.2.2.2 Biochar-based composites 

Biochar is a porous, environmentally friendly substance that can act as an absorbent and matrix for 
MONPs. It is a carbonaceous material produced by biomass (such as corncob waste) wet pyrolysis at 
low temperatures and oxygen levels. It is useful for a variety of applications, including soil conditioning, 
carbon sequestration, composting of solid waste, water and wastewater decontamination, catalysis, 
electrode materials, and electrode modification, due to its large surface area, porous structure, high 
carbon content, and cation-exchange capacity (Wang & Wang, 2019). Biochar can be utilized to 
create nanocomposites for the remediation of heavy metals and organic chemicals in the environment 
when mixed with NPs and stabilizers such as carboxymethyl cellulose. Fe NPs, for instance, can be 
utilized to create nanocomposites such as iron oxide/BC, iron sulfide/BC, and nano zero-valent iron 
(nZVI)/BC. Due to the redox, catalytic and magnetic properties of the Fe and Fe oxide NPs, these 
nanocomposites can improve the features of biochar by increasing its surface area, electron transfer 
efficiency, and abundance of functional groups. 

Biochar/Fe oxide nanocomposites are suitable for encapsulating photosynthetic bacteria (PSB) 
to produce an environmentally benign and regenerative solution for contaminated wastewater due 
to their high absorption capacity and Fe NP catalytic, adsorption, and magnetic separation. Using 
a magnet bar, the PSB-loaded composites are simply retrieved. Wastewater nutrient removal and 
degradation abilities were enhanced with the use of PSB in combination with the Fe,0,/biochar 
composite. The composite, which supports Rhodobacter capsulatus, was able to remove the chemical 
oxygen requirement with an efficiency of 83.1%, NH,* with 87.5%, and PO, with 92.1%. Even after 
five rounds of recycling, the composite remained effective. The presence of Fe;O, NPs and Fe oxides 
stimulated the growth, metabolism, and enzyme activities of bacteria and PSB. These NPs effectively 
scavenge reducing equivalents because they function as extracellular electron acceptors (Djellabi 
et al., 2019). 


10.3.2.3 Magnetic nanocomposites 

Nanocomposites made of polymers and NPs are also used in the cleanup and recovery of oil spills. 
One instance is the utilization of amphiphilic organic domains and a magnetic core that is present 
in magnetic shell cross-linked knedel-like NPs. These particles, which are useful for adsorbing 
hydrophobic guest molecules, are created by coassembling amphiphilic block copolymers of 
poly(acrylic acid)-block-polystyrene (PAA20-b-PS280) and oleic acid-stabilized magnetic iron oxide 
NPs. Thermal breakdown is used as a synthesis technique for these guest compounds. Amphiphilic 
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block copolymers comprising PAA20-b-PS280 and hydrophobic MNPs are coassembled with solvents 
such as tetrahydrofuran, N, N-dimethylformamide, and water to produce in magnetic shell cross-linked 
knedel-like NPs nanocomposites. Amidation is used to cross-link the generated hybrid micelles. When 
these nanocomposites were examined for their ability to absorb crude oil in water, they revealed an oil 
sorption capacity 10 times greater than their initial dry weight. Following use, they can be regenerated 
by sonication and ethanol cleaning (Pavía-Sanders et al., 2015). 

To efficiently demulsify oil/water emulsions and remove/degrade oils, oneapproach ofbioremediation 
uses a bionanocompound made of magnetite NPs coated with polyether amine (PEA), which may 
immobilize OmpA (a biosurfactant) and laccase (a remediation enzyme). Coprecipitation is used to 
create magnetite NPs, which are then activated by silanization with 5-aminopropyltriethoxysilane 
(APTES) and modified with glutaraldehyde. This process leads to the conjugation of the resultant 
magnetite NP-APGA with oxidized polyether amine (PEA). The biosurfactant OmpA and the 
remediation enzyme laccase were conjugated with magnetite NP-PEA to create bionanocompounds 
called magnetite NP-PEA-OmpA-Laccase. The biosurfactant OmpA and the remediation enzyme 
laccase were conjugated with magnetite NP-PEA to create bionanocompounds called magnetite 
NP-PEA-OmpA-Laccase (Rangel-Mufioz et al., 2020). 


10.4 CARBON-BASED NANOMATERIALS 


10.4.1 Properties of carbon-based nanomaterials 

Carbon-based nanomaterials have unique chemical and physical properties, which include exceptional 
electrical and heat conductivity, advanced optical properties, chemical stability, and high mechanical 
strength. These nanomaterials have various nanoscale dimensions and are made up of solid-state carbon 
allotropes with hybridized carbon atoms in sp? and/or sp?. These dimensions include single-walled or 
multiwalled carbon nanotubes (SWCNTs and MWCNTS), graphene oxide, two-dimensional graphene 
and nanodiamonds, zero-dimensional fullerenes, and graphene quantum dots. There are many ways 
to make carbon-based nanomaterials, ‘bottom-up’ techniques including MWCNTs, chemical vapor 
deposition (CVD) on a substrate for SWCNTs and graphene. The ‘top-down’ techniques include ionic 
liquid-assisted electrochemical exfoliation for graphene and sonication liquid-phase exfoliation (Li 
et al., 2019). 

Nanomaterials based on carbon have a wide range of uses in many industries, including biomedical 
industries. They are particularly interesting because they have antibacterial qualities in addition to 
other special physical and chemical characteristics, cell and tissue imaging, particularly based on their 
two-photon and one-photon fluorescence properties and theranostics (Patel et al., 2019), conversion 
and energy storage, catalysis (Bayatsarmadi et al., 2017), synthesis for environmental remediation for 
the removal of organic molecules, oil/water separation material design and heavy metals (Patel et al., 
2019). Numerous studies have explored the potential of carbon-based nanomaterials, particularly 
their composites, for environmental remediation. These nanomaterials have been used to enhance the 
absorption capacity of water contaminants and to create regenerable materials. Materials with porous 
graphene structures, such as sponges, aerogels, and foams, have been developed for this purpose, 
as they exhibit superior physical, chemical (lipophilic/hydrophilic), and mechanical properties (Niu 
et al., 2014). 

The potential cellular adverse toxicity of specific nanomaterials based on carbon has been 
extensively studied, revealing size-dependent adverse effects and enhanced cytotoxic properties after 
acid treatments that modify their surface. This increased cytotoxicity is because of the prevalence of 
carbonyl, carboxyl, and/or hydroxyl groups on the interface of nanomaterials (Magrez et al., 2006; 
Weijie et al., 2020). Given the potential hazards associated with nanomaterials based on carbon, it is 
essential to create functional composite materials that are sustainable by design, while minimizing 
environmental dispersion. This will help ensure that these materials can be safely used without posing 
a risk to human health or the environment (Bhattacharya et al., 2016). 
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10.4.2 Carbon-based nanomaterial composite and hybrid applications 

There are many applications of composite nanomaterials based on carbon and hybrids in the field 
of bioremediation and remediation of different pollutants. The remediation of contaminated marine 
sites often involves separating oil/water mixtures, for which various approaches are used that utilize 
nanocomposites having chemically functionalized hydrophobic/hydrophilic characteristics that can 
be controlled. Nanomaterials based on carbon can show not only hydrophobic interactions but also 
hydrogen bonds, 7-7 interactions and electrostatic interactions to entrap pollutants present in the 
water. These characteristics are used to create adsorbent materials, which include nanosponges, to 
clean up toxins such as oil spills on water. 


10.4.2.1 Composite materials 

10.4.2.1.1 Carbon nanotubes 

One such adsorbent substance is a hydrophobic floatable absorbent made of nanofibers and nanotubes 
of carbon, also known as CNTs, that were developed utilizing a chemical vapor deposition technique, 
that is, chemical vapor deposition on the surface of an enlarged vermiculite substrate. Studying the 
capacity of various oils to absorb moisture revealed an increase of approximately 600%. Nevertheless, 
unfavorable water absorption was decreased since the composite material's hydrophobic characteristics 
were greater than those of the original vermiculite [116]. Since they have been found to facilitate the in 
situ breakdown of pollutants in freshwater sediments contaminated with oil, carbon nanotubes (CNTs) 
offer potential for use in both ex situ and in situ bioremediation procedures (Abbasian et al., 2016). 

Because of their properties, including electrical conductivity, biocompatibility, lack of corrosiveness, 
and chemical stability, CNTs can be used in combination with conducting polymers such as polyaniline 
(PANI) to modify electrodes in microbial fuel cells (MFCs) for bioelectrochemical ex situ treatments. 
MFCs are a promising technology that can convert chemical energy into electrical energy in the 
presence of electroactive bacterial species while simultaneously removing toxic pollutants such as 
organic dyes, COD, and phenol from water. Nanomaterials such as carbon-based NPs and conductive 
polymers can be used as electrodes in MFCs, with the anodes collecting electrons produced by the 
biodegradation processes of pollutants and producing energy (Logan et al., 2006). 

CNT composites have been used in MFCs for the bioelectrochemical treatment of pollutants 
such as phenol. Multiwalled and bare nanotubes of carbon/polypyrrole, that is, MWCNT/Ppy- 
plated electrodes have been used in both the cathodic and anodic compartments under anaerobic 
and aerobic conditions. The most effective results have been achieved with biocathodic treatment 
under aerobic conditions, resulting in high COD and phenol removal efficiencies (Khan et al., 2020). 
CNTS can also be used in combination with NPs of metal oxides for the bioremediation of azo dyes 
and Cr(VI). In this case, CNTs are used as a support material for anthraquinone-2-sulfonic acid 
or humic acids and FeO, (AQS/Fe,0,/CNTs and HA/Fe,0,/CNTs). They can efficiently remove 
Cr(VI) and methyl orange from sewage water by grabbing electrons from the anaerobic metabolism 
of microbial bacteria. This procedure has high reusability and stability and performs best at a pH 
of 8.0. Additionally, the electron transfer capacity of CNTS is preserved even after the bioreduction 
of pollutants, and the immobilization of residual Fe and dissolved organic matter (DOM) in CNTs 
prevents their dispersion in the environment. This material can be reused multiple times due to its 
magnetic properties. Once the absorption of Cr(VI) and azo dyes is complete, a magnetic bar can be 
used to recover the material. It can be restored by drying after being washed with deionized water 
and ethanol (He et al., 2020). 

A hybrid composite of polyaniline and carbon nanotubes (PANi/CNT) was synthesized using a 
chemical oxidative polymerization method with the aim of generating biomass energy and treating 
sewage water. Specifically, the PANi/CNT composite was employed to create an anode electrode in 
MFCs. This system exhibits strong 7-7 interactions between PANI and CNTs, which promote the 
attachment of microbes to the electrode surface. The composite's charge-transfer capabilities enable it 
to produce bioelectricity while also removing 80% of the COD present in wastewater (Ali et al., 2019). 
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10.4.2.1.2 Graphene oxide 

CNT composites have been shown to be effective in developing remediation techniques for 
environmental pollutants such as organic dyes and heavy metals as well as hydrocarbons because 
of their photocatalytic, absorption, and electrocatalytic properties. However, there are also various 
examples of the use of other nanomaterials based on carbon, such as its graphene oxide derivative 
(GO) and graphene in this sector. GO is a hydrophilic layered carbon material prepared by oxidizing as 
well as exfoliating graphite along with oxidizing agents using Hummer's technique, including NaNO,, 
H5SO,, and KMnO, (Wang et al., 2019). It is characterized by charged oxygen-containing groups with 
very high density, such as alcohols, carboxylic groups, epoxides, and ketone carbonyls. Due to its 
surface having a negative charge, GO has a high adsorption capacity for various molecules through 
chemical forces and/or physical forces, such as 7-7, electrostatic and hydrophobic interactions. 

Two main approaches for obtaining nanocomposites and functionalizing GO are commonly 
used: using GO as a host material or incorporating GO into host materials. In the former approach, 
various methods are used to functionalize the surface of GO. In the latter approach, crosslinking 
between the polymeric matrix and GO is carried out using a nontoxic and simple synthesis to obtain a 
nanocomposite with a high absorption capacity and stable structural configuration that can be easily 
regenerated and recovered after use (Wang et al., 2019). 

Aerogels, which are porous natural materials, possess adsorption properties that make them useful 
in the remediation of water. To enable easy use and recovery in aquatic environments, aerogels with 
high hydrophobicity can be developed. An example is a novel composite made of graphene aerogel, 
Fe4O,, and polystyrene. The composite is produced by cost-effective and environmentally friendly 
solvothermal methods. Porous FeO, NPs act as cross-linkers to plates of graphene oxide created 
by modifying Hummer's technique, whereas polystyrene allows the composite aerogel to develop a 
porous surface with increased hydrophobicity. The composite aerogel, which has an ultralow density, 
is capable of absorbing up to 40 times its own mass of crude oil after undergoing 10 cycles of water- 
oil separation. The aerogel is easy to recover because of its ability to float, and it also possesses 
magnetic properties thanks to the inclusion of Fe;0, NPs, which allows for the exhausted aerogel 
to be collected using a magnet. Regenerating the aerogel is a simple process that involves squeezing 
(Zhou et al., 2015). 

GO and CNTs can be combined with bioremediation techniques to create anode electrodes that 
generate energy and simultaneously remove pollutants such as heavy metals. This remediation method 
involves designing and synthesizing new composite materials, including those made from natural 
resources. For example, GO can be produced from organic biomass, and its conductivity, chemical 
inertness, flexibility, mechanical robustness, biocompatibility, and high specific surface area make it 
an excellent candidate for producing MFCs with bioinspired anode materials. One such derivative of 
graphene, known as L-GO, is acquired from the biomass of organic oil palm through a soda pulping 
process for the extraction of powder lignin. The flakes of carbon are prepared by heating and then 
oxidizing organic oil palm biomass using Hummer's method. To improve the transportation of electrons 
in ZnO and MFCs, NPs are synthesized using lemon peel by utilizing a green solvothermal method 
and then combined with L-GO to produce a ZnO/L-GO composite. The ZnO/L-GO electrodes are 
submerged in a solution of polylactic acid (PLA) to mechanically strengthen the anode. The obtained 
anode is evaluated for its ability to generate energy and remediate Pb? ions from wastewater through 
an MFC. Bacterial species such as Klebsiella sp., Lysinibacillus sp. and Leucobacter sp. are observed 
on the anode surface (Yaqoob et al., 2021). 


10.4.2.1.3 Other graphene derivatives 

A natural organic source such as sucrose, which is rich in carbon, can also be utilized for the synthesis 
of graphene derivatives. By treating sand-coated sucrose with acid and high temperature, a sand- 
based composite adsorbent with large porosity and surface area can be obtained. This composite 
material was tested for its ability to absorb Hg?* from contaminated water using an economically 
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and environmentally friendly approach. The composite material showed a high absorption capacity 
for Hg?* (299.40 mg/g) resulting from the metal ion's interaction with the functional groups, as 
seen through FTIR measurements. The chelated bonds between the composite and Hg?* can be less 
efficient at acidic pH, making it possible to re-obtain the material through a process of desorption, 
which allows its reuse (Bajpai et al., 2017). 


10.4.2.2 Hybrid composite materials 

10.4.2.2.1 Metal organic frameworks 

Green methods of solvothermal analysis can be utilized to fabricate advanced hybrid nanocomposite 
materials that are effective in remediating contaminated aquatic sites. For instance, a nanosized 
metal-organic framework (MOF) of nickel-benzene dicarboxylate (Ni-BDC) can be combined with 
carbon nanotubes (CNTs) or graphene oxide (GO) to form a complex hybrid material. Due to the 
existence of z—z - interactions, the Ni-BDC@GO nanocomposite in particular exhibits a strong 
methylene blue retention capacity (222 mg/g) and can be easily regenerated. The nanocomposites 
can be restored by using simple alcohol washing and centrifugation for repeated cycles of absorption 
(Ahsan et al., 2020). 


10.4.2.2.2 Metal oxide NPs 

Metal oxide NPs such as TiO,, ZnO, and BLO; have been shown to degrade organic dyes such as 
methylene blue through photocatalytic action. Graphene, which can be easily obtained from GO 
through reduction processes (Rout et al., 2022), has also been found to possess photocatalytic activity 
for removing contaminants when combined with metal oxide NPs. Adding graphene to composite 
nanofibers (TZB-Gr) generated by method-based sol-gel nozzle-less electrospinning increased the 
removal capability of organic dyes (Al-Dhahebi ef al., 2020). These composite nanofibers are formed 
of zinc oxide, titanium dioxide, graphene, and bismuth oxide. This is a result of the 2D graphene's 
interaction with nanofibers made of photoactive semiconductors. Under both UV-light irradiation and 
visible-light irradiation, the TZB-Gr composite nanofibers can activate organic dyes to produce -OH 
and -O2- radicals, which are highly effective oxidizing agents for degrading most of the pollutants 
having an organic nature (Kanjwal et al., 2019). The TiO,-graphene (P25-GR) composite, produced 
by a hydrothermal reaction of TiO, (P25) with GO having different graphene ratios, is an additional 
example of a nanocomposite that combines the properties of graphene with metal oxide NPs. 
Fluoranthene, phenanthrene, and benzo[a]pyrene were used as test compounds to determine this 
composite material's capacity to photodegrade and absorb polycyclic aromatic hydrocarbons (PAHs). 
Particularly at high PAH concentrations (2.0-4.0 g/mL) in alkaline circumstances, the P25-GR 
composite with 2.5% graphene content demonstrated charge transfer, the highest absorption and 
photocatalytic efficacy, eliminating approximately 80% of the PAHs after completion for 2 h (Bai 
et al., 2017). 


10.5 NANOBIOHYBRIDS ASSISTING NOVEL BIOLOGICAL FUNCTIONS 


10.5.1 Extending biofunctions by nanobiohybrids 

The change in biological functions by using human-generated objects has functioned from ancient 
times until now for improving life standards along with survival. These processes are supported by 
using different innovations across the globe, from clothes to weapons, to that of recent innovations, 
such as computers and smartphones. The continuous progress into nanotechnology-based components 
has given certain breakthroughs in the bioaugmentation process. Proper enhancement of biofunctions 
such as biostability along with biocatalytic efficiency are important and vital points for enhancement 
through advanced biomaterials. These biomaterials work at the nanolevel along with singular cellular 
and multicellular levels to provide advanced biofunctions. These materials deal with extrinsic 
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functionalities, including the metabolic type of the pathways along with the electrical conductivity or 
optical properties of living systems. 


10.5.2 Application of advanced nanobionics 

10.5.2.1 Microbial cells 

Nanobionic cells are an engineering type of single cell that interferes with that of a bioactive metallic 
organic framework (MOF) along with living cells. The former are comprised of an inner layer of 
beta galactosidase nanocoated along the outside of a zeolitic imidazole framework (ZIF)-8. This 
combination of outer layers was induced onto a yeast cell. This type of construction helps yeast to 
survive for approximately more than 5 days with the help of conversion of lactose to glucose by using 
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Figure 10.4 Nanobiohybrids assisted in novel biological functions, including stability of biomacromolecules, 
cell interaction, and modulation, alteration of cell fate, nanorobotics for enhancement of fracture strength, and 
nanohybrid supermaterials for augmentation of plant functions. 
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beta galactosidase. This enzyme helps in the conversion of lactose into glucose, which is required for 
cell metabolism of the yeast (Liang et al., 2017). 


10.5.2.2 Silk production 

Silk is used in the textile industry due to its elasticity and extensibility. The effectiveness of silk is 
enhanced due to an increase in the mechanical properties of silk with the help of carbon nanomaterials, 
including single-walled carbon nanotubes (SWCNTs) as well as graphene. This type of material is 
directly fed to the silkworm, which results in hybrid silk (Wang et al., 2016). Such hybrid silk has 
increased fracture strength along with the elongation required for excellent electrical conductance 
(Lepore et al., 2017). 


10.5.2.3 Plants 

Plants are the ideal candidates for bioaugmentation along with bionics. The plant's vascular network, 
along with passive forces, is utilized for fluid transportation along with the dispersion of molecules 
or particles into these fluids (Gholap and Tupe, 2012). Several types of biosynthetic materials have 
been used to enhance the augmentation of plant biofunctions with the help of the unique biological 
properties of plants, as presented in Figure 10.4. 

Nanomaterials can be used for biochemical detection as well as for light harvesting for the benefits 
of plants. Many newly designed nanomaterials that increase plant growth have been implemented to 
impact the regenerative properties of plants. Research focuses on the construction of nanobiohybrids 
for plant applications to impact light harvesting and regeneration of plants. Nanobiohybrids are helping 
to modulate several molecular and cellular mechanisms to improve cell-material interactions with the 
help of micro/nanoengineering. Material science along with cell biology develops new nanobiohybrid 
applications that can alter plant metabolism (Kwak et al., 2017). 


10.6 CONCLUSION 


An overview of the most recent advances in environmental remediation utilizing adequate soil 
and water treatment techniques using nanotechnology is provided in this chapter. Four kinds of 
nanomaterial are used for environmental applications, including (1) metal oxide NPs, (2) metal NPs, 
(3) silica-based nanomaterials, and (4) carbon-based nanomaterials. Due to the various nanomaterials 
utilized as nanofillers, the composite materials display photocatalytic, catalytic, redox, and magnetic 
characteristics as well as sorption/desorption. Additionally, the chapter gives instances of how various 
nanomaterials could be mixed to create functional composite nanomaterials that have the unique 
characteristics of the original nanofillers as well as brand-new features. These nanocomposites have 
the benefit of being regenerable and reusable, with minimal decrement even after numerous adsorption 
cycles. The fabrication of nanomaterials applied to living cells has been yielding new avenues for more 
effective control of cell function and can be used as a powerful tool in the genetic engineering stream. 
However, several queries related to the actual biological functioning of nanomaterials due to their 
field emergence impact on biological functions still need to be adequately addressed. 
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ABSTRACT 


The rapid growth of human population, industrialization, and urbanization has led to an increase in pollution and 
resource depletion. This has created a need for highly efficient pollution abatement technologies and resource 
recovery methods. While there are already pre-existing techniques for both pollution abatement and resource 
recovery, they are often costly, involving the use of harmful chemicals, generating unsafe by-products, and are 
slow. On the other hand, nanobiohybrids (NBHs) have emerged as promising approaches with substantial benefits 
over traditional approaches and have gained global recognition in recent decades. The integration of functional 
nanomaterials with living systems has given rise to this fascinating area of study, which lies at the intersection 
of materials engineering and biological science. These NBHs have the ability to remove pollutants and recover 
resources from different sources. This chapter provides an overview of the potential application of NBHs in different 
types of pollution control and resource recovery techniques from various sources. Different NBHs have so far been 
extensively studied and successfully applied in the removal of pollutants from water and wastewater but their 
application in soil and air as well as in resource recovery is still incipient. Thus, the limitations and challenges of 
using NBHs have been identified and discussed in this chapter as well. The findings in this chapter provide new 
insights and future prospects for further research and development for the wider applicability of NBHs. 


Keywords: nanobiohybrids, pollution control, resource recovery, pollutants, water and wastewater treatment 


11.1 INTRODUCTION 


The world is facing a major environmental crisis due to an increase in pollution that threatens human 
health, ecosystems, and the planet. It is caused by a variety of sources, including industrial activities, 
agricultural practices, and consumer behavior. The effects of pollution are far-reaching and can 
range from respiratory problems to climate change and loss of biodiversity. The need for effective and 
sustainable solutions for pollution control is urgent because it is burdensome to the environment. 

On the contrary, the demand for resources has also grown all over the globe with the continued 
increase in the world population. These have led to increased resource consumption, waste, and 
pollution generation. Since the health and welfare of the society are closely linked to the availability 
of affordable and adequate resources, as well as a safe and clean environment; pollution abatement 


© 2023 IWAP. This is an Open Access book chapter distributed under a Creative Commons Attribution Non-Commercial 4.0 
International License (CC BY-NC-ND 4.0), (https://creativecommons.org/licenses/by-nc-nd/4.0/). The chapter is from the book 
Nanobiohybrids for Advanced Wastewater Treatment and Energy Recovery, Piet N.L. Lens and Priyanka Uddandarao (Editors). 


194 Nanobiohybrids for Advanced Wastewater Treatment and Energy Recovery 


and resource recovery from the wastes form the core areas that need immediate attention. Resource 
recovery is the process of waste collection, extraction of valuable materials, treatment, waste 
reduction, and resource conservation. In recent years, resource recovery has become increasingly 
popular worldwide as governments, businesses, and individuals recognize the environmental and 
economic benefits of reducing waste. 

Although there are numerous existing techniques for both pollution abatement and resource recovery, 
the quest to develop lost-cost techniques for pollution control and resource recovery is becoming 
increasingly important on a worldwide scale. In response to these challenges, researchers and scientists 
have been exploring efficient and sustainable technologies to tackle pollution and waste, which has 
led to the development of various innovative approaches. Among these, the development and design of 
nanobiohybrids (NBHs) has emerged as a promising option due to their unique properties and capabilities. 

NBHs are a new class of materials that broadly encompasses both biologically derived components 
and synthetic components. The biological component includes biomolecules and biological systems 
such as proteins, DNA, tissues, living cells, or organisms (Richardson & Liang, 2018; Su et al., 2016). 
The synthetic component consists of inorganic substances such as silver, gold, titanium, cadmium, 
iron oxide, carbon materials, or silica oxide (Lauth et al., 2017), lipids and polymers organic materials 
(Niu et al., 2017), or hybrid substances like metal-organic frameworks (MOFs) and metal-phenolic 
networks (MPNs) (Lykourinou et al., 2011). The combination of biological systems and nanomaterials 
in NBHs enables them to perform complex functions that are not achievable by either component 
alone, such as enhanced catalytic activity, stability, and selectivity. 

In recent years, the inclusion of inorganic nanoparticles (NPs) into organic materials has drawn 
considerable attention in a wide range of domains due to their distinctive properties such as 
biodegradability, large surface area, and magnetic or electrochemical properties (Mohammadalinejhad 
et al., 2019). One of the key applications of NBHs is in the treatment of water and wastewater. 
Nanoparticles can be used to remove pollutants from water through processes such as adsorption, while 
biological systems can help break down organic pollutants into harmless substances. By combining 
these two approaches, NBHs can effectively remove a wide variety of pollutants from water (Nishu, 
2025). Another area where NBHs have shown potential is in the recovery of valuable resources from 
waste streams, as they can capture, store, and convert waste into useful products. The application 
of NBHs in pollution control and resource recovery represents a promising approach for addressing 
some of the largest environmental challenges facing our world today. However, the selection of the 
biological and nanomaterial components affects several aspects of the final functionality of the NBH 
systems (Guo et al., 2021). 

The development of NBHsis still in its early stages. It requires a deep understanding of the properties 
of biological and nanoscale components, as well as the ability to manipulate these components in ways 
that create new, functional materials. Therefore, more study is required to completely understand the 
risks and potential benefits associated with synthesis technologies and to optimize their performance 
in real-world applications. To give a more comprehensive picture of NBHs, the combined benefits and 
drawbacks of NBHs are shown in Table 11.1 Both the benefits and drawbacks of NBHs imply that 
they hold potential for a wide range of applications. Nevertheless, careful consideration is required to 
ensure their usage will be safe and successful. 

Herein, the objective of this chapter is to review the current state of knowledge and potential 
applications of NBHs in the fields of pollution abatement and resource recovery. In addition, different 
methods for the synthesis of NBHs are addressed, with an emphasis on their respective advantages 
and disadvantages. In the last section, the chapter highlights the challenges and opportunities for the 
application of NBHs in real-world environmental remediation scenarios. The purpose of this chapter 
is to contribute to a better understanding of NBHs for practical and industrial applications, notably 
in the areas of air pollution control, water and wastewater treatment, soil remediation, and recovery 
of resources. It will provide new valuable insights for researchers, policymakers, and industries 
interested in developing sustainable solutions for pollution control and resource recovery. 
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Table 11.1 Benefits and drawbacks of NBHs. 


Benefits 


Drawbacks 


Enhanced stability 

NBHs have increased stability compared 
to their individual components, as 

the nanomaterials can protect the 
biological molecules from degradation 
or denaturation. Besides, the nanoscale 
components of NBHs exhibit more 
resistance to environmental factors. 


Increased efficiency 

The combination of biological and 
nanomaterial components can result in 
enhanced efficiencies of the system, such 
as increased catalytic activity or improved 
sensing capabilities. 


Tailored functionality 

The characteristic of the NBHs can be 
tailored by controlling the shape, size, and 
surface chemistry of the nanomaterials, as 
well as the type and amount of biological 
molecules used. 


Biocompatibility 

NBHs are composed of both biological 

and nanoscale components. The use of 

biological components can enhance the 
biocompatibility of the hybrid material, 
reducing the risk of toxicity or immune 
reactions. 


Versatility 

NBHs can be designed for a wide variety 
of applications, from imaging and drug 
delivery to biosensors and bioremediation. 


Multifunctionality 

NBHs can be designed to perform multiple 
functions, such as sensing, imaging, and 
drug delivery, in a single material. 


Complexity 

The design and synthesis of NBHs involve the integration 

of different materials and processes. This can be complex, 
challenging, and require specialized expertise in both biology 
and nanotechnology. 


Cost 

The production of NBHs can be expensive, especially when using 
high-quality nanomaterials and biological molecules. It can also 
be costly due to the complexity of the process and the need for 
specialized equipment and materials. 


Safety concerns 
There are concerns about the safety of nanomaterials, including 
their potential toxicity and environmental impact. 


Regulatory challenges 

The regulation of NBHs can be challenging, as they fall into 
a regulatory grey area between biological and nanomaterials 
regulations. 


Limited stability 

Although NBHs can be more stable than their individual 
components, still the stability of NBHs can be a concern. The 
biological components may degrade over time, which can affect 
the overall performance of the material by limiting its shelf-life 
and practical use. 


Potential toxicity 

NBHs are composed of both biological and non-biological 
components, and the combination of these components can lead 
to the release of toxic substances. For example, some NBHs 
contain metals, such as gold or silver, which can be toxic to cells 
and tissues. Additionally, some NBHs contain polymers, which 
can also be toxic if they are not biodegradable. 


Limited biodegradability 

Another disadvantage of NBHs is their limited biodegradability. 
Many NBHs are composed of polymers, which are difficult to 
break down by the natural processes of the body. This can lead 
to the accumulation of NBHs in the body, which can cause 
adverse health effects. 


Ethical concerns 

The use of biological components in NBHs raises ethical 
concerns, such as the use of animal or human cells, and the 
potential for unintended consequences if the hybrid material 
interacts with living systems in unforeseen ways. 


The methods of synthesis have a substantial influence on the morphology, size, and shape of NBHs, 
as well as their characteristics, functional properties, and overall performance. In-situ and ex-situ 
approaches are most often used for the synthesis of NBHs (Figure 11.1) (Mirtalebi et al., 2019). 
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Figure 11.1 Integration of biological systems with functional nanoparticles using in-situ and ex-situ synthesis 
methods, as well as their applications in pollution control and resource recovery. 


11.2.1 In-situ synthesis 

The in-situ synthesis method offers a simple and efficient technique for the fabrication of NBHs 
with enhanced biological activity (Gao et al., 2019; Shinde et al., 2020). During the in-situ synthesis 
process, the metal ions are preloaded into the matrix first, where the ions are expected to disperse 
equally. The precursors are then exposed to the appropriate conditions in order to transform them into 
NBHs. For preparing NBHs via an in-situ approach, it is important to assess three different aspects, 
that is, the selection of non-toxic reducing agents, the solvent medium, and finally, the selection of 
environmentally friendly materials to stabilize the NBHs. One of the most commonly used methods 
for in-situ synthesis of NBHs is the chemical reduction method, which involves the reduction of metal 
salts in the presence of biological molecules such as proteins, enzymes, or DNA (Li et al., 2015). 
Another in-situ approach is the use of biological molecules as reducing and stabilizing agents (Nadda 
& Kanwar, 2012). 

The in-situ synthesis method of NBHs has its own set of merits and demerits. One of the significant 
advantages of this method is that it provides high stability to the NBHs due to the strong interactions 
between the biological matrix and the NPs. This ensures that the nanoparticles remain stable and do 
not agglomerate. This method is relatively simple and easy to perform and does not require complex 
equipment or lengthy procedures which make it a cost-effective and time-efficient technique for the 
preparation of NBHs. Additionally, the nanoparticles synthesized by this method can be tailored to 
exhibit specific properties such as biocompatibility, bioactivity, and biodegradability. These enhance 
the biological activity of the NBHs and make them suitable for a wide range of applications. However, 
the in-situ synthesis method offers limited control over the size, shape, and distribution of NPs, 
which may result in non-uniform NBHs with varying properties. The method may also be limited 
and incompatible with certain biological matrices and may pose a potential risk of toxicity to the 
biological matrix due to the use of chemicals and reagents. This may affect the overall stability and 
functionality of the NBHs. 
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11.2.2 Ex-situ synthesis 

The ex-situ synthesis is a versatile method that is widely used for the preparation of NBHs (Guo 
et al., 2014). In this method, the nanomaterials and biological components are synthesized separately 
at first, and they are then combined to form the NBHs (Patra & Baek, 2014). The first step in the 
ex-situ synthesis is the synthesis of the nanomaterials which can be achieved through a variety of 
methods such as chemical synthesis, physical deposition, or biological synthesis. Some commonly 
used nanomaterials include gold nanoparticles, silver nanoparticles, carbon nanotubes, and quantum 
dots. Once the nanomaterials are synthesized, the next step is to functionalize them with biological 
molecules. This can be achieved through the use of various coupling agents such as silanes, thiolated 
polymers, or phospholipids. These coupling agents can be used to attach a wide range of biological 
molecules such as proteins, enzymes, DNA, or cells to the surface of the nanomaterials. The 
resulting NBHs can be tailored for a variety of applications such as tissue engineering, drug delivery, 
biosensing, medicine, biotechnology, and environmental applications (Jaiswal et al., 2023; Kumari 
& Samadder, 2022). 

Ex-situ synthesis methods have several advantages. Firstly, it allows precise control of the size and 
shape of the NP, which is crucial for their biological applications. Secondly, this synthesis method is 
highly reproducible and scalable, which makes it suitable for industrial-scale production. However, 
ex-situ methods have also some drawbacks. One of the major concerns is the potential toxicity of 
the nanoparticles. The biomolecules used for binding the nanoparticles may also lose their activity 
during the synthesis process, affecting the overall functionality of the NBHs. Additionally, ex-situ 
synthesis methods may not be suitable for some biomolecules, which are highly sensitive to pH and 
temperature. The effectiveness of this approach depends on the specific application and the type of 
biomolecule used. 


11.3 ROLE OF NBHS IN POLLUTION CONTROL 


One of the most promising applications of NBHs for pollution control is their ability to absorb and 
degrade toxic substances into less harmful compounds, rather than simply removing them from 
the environment. This not only reduces the toxicity of the pollutants but also conserves valuable 
resources. This section primarily reviews the application of NBHs to remove and detect harmful 
pollutants present in water, air, and soil. 


11.3.1 Water and wastewater purification 

Water is an indispensable resource that is required to support life and plays a critical role in different 
industries, including the food, textile, pharmaceutical, and electronics industries. The usage of water 
has increased excessively in households, agriculture, and manufacturing by 80%, 70%, and 22%, 
respectively (Santhosh et al., 2016). As a direct consequence, there is a significant increase in the 
volume of wastewater that contains potentially hazardous pollutants such as residues of chemical 
pesticides, microorganisms, toxic heavy metals, and synthetic dyes (Pradeep & Anshup, 2009). Lack 
of access to clean and safe water has been one of the most significant challenges confronting the world 
for the past decades. 

To solve this issue, several traditional water and wastewater purification technologies have been 
implemented and used both on-site and off-site. Unfortunately, the rising concentration levels of 
these toxic pollutants and the strict regulatory standards have made it challenging for conventional 
wastewater treatment methods to be effective. Adsorption is one of the techniques for treating water 
that can concentrate impurities, yet it cannot entirely purify water. On the other hand, the chemical 
precipitation methods consume chemical agents and have a high potential for causing secondary 
pollution (Deng et al., 2019). It is also feasible to remove the pollutants by using membrane filtration. 
However, the latter comes with a high up-front cost for regular operation and, more significantly, 
produces hazardous residues that are highly concentrated and challenging to eliminate (Saikia 
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et al., 2019). In addition, these conventional methods are expensive, time-consuming, and have low 
efficiency and affinity for new emerging water micropollutants. Therefore, it has become crucial to 
explore alternative solutions to tackle the pressing environmental challenges. 

The paradigm could compel the scientific community to draw attention to the issue and come up 
with innovative techniques to ensure that everyone has access to clean and safe drinking water. Among 
the several existing water purification technologies, NBHs have shown tremendous potential for the 
purification of water and wastewater due to their extraordinary properties (Figure 11.1). Over the past 
few decades, various NBHs sourced from different origins have been explored for their effectiveness 
in treating wastewater. The distinctive size-dependent properties of nanomaterials, such as their large 
surface area, high stability, remarkable durability, and reusability, in conjunction with microbial 
cells, have made them a subject of great interest in the wastewater treatment field, particularly in 
the elimination of harmful pollutants. NBHs are an excellent illustration of multi-scale development 
and they address most of the problems that are present in existing water purification technologies. 
NBHs have been used as nanofiltration membranes in order to filter out various pollutants, including 
heavy metals and organic compounds. NBHs have also been used for monitoring and sensing the 
concentration of water pollutants in an efficient manner. Certain enzyme-NPs based NBH systems 
used in the purification of water and wastewater are summarized in Table 11.2. 

Girelli et al. (2006) created an enzyme reactor by immobilizing tyrosinase on aminopropyl- 
controlled porous glass to remove phenols from aqueous solutions. The enzyme reactor was able to 
achieve a removal efficiency of 60% for phenol derivatives after around 7 h of operation (Girelli et al., 
2006). In another study, Wahid et al. (2013) created a NBH system made of graphene sheets and algal 
cells using a device called vortex fluidics. The initial nitrate content was completely removed in a span 
of only four days establishing the effectiveness of graphene-algae NBHs for nitrate removal. Xu et al. 
(2015) utilized an amidination process to achieve their goal of immobilizing the laccase enzyme on 
polyacrylonitrile (PAN) nanofibrous membranes. The remarkable removal efficiencies of 85% for 24,6- 
trichlorophenol from water was demonstrated by the enzyme-PAN NBH. In a pilot study, laccase 


Table 11.2 NBH systems synthesized from different enzyme-metal nanoparticles applied in water and 
wastewater purifications. 


NBHs Enzymes Used Enzyme Reaction Conditions Application Reference 
EECHER Butter Temperature Time 
CC) (h) 
Enzyme- §-Galactosidase 1mg/mL Sodium 37 36 Dye wastewater Ahmed 
silver NPs from Aspergillus acetate, treatment et al. 
oryzae pH 4.5 (2016) 
Enzyme- Laccase from 10 mg/mL Potassium Room temp. 24 Phenolic Pang et al. 
MWCNT Trametes phosphate compounds (2015) 
versicolor buffer, pH 7.0 removal 
Tyrosinase 1-5 mg/mL Sodium Room temp. 24 Phenolic Subrizi 
phosphate compounds etal. 
buffer, pH 7.0 removal (2014) 
Enzyme- Horseradish 2.5 mg/mL Phosphate Room temp. - Biodegradation Besharati 
reduced peroxidase buffer, pH 7.0 of high phenol Vineh 
graphene concentration etal. 
oxide (2018) 
Enzyme- Peroxidase from 1mL (1500 U) Sodium Room temp. 24 Phenolanddye Ahmad 
titanium bitter gourd citrate buffer, removal et al. 
oxide NPs pH 7.4 (2013) 
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immobilized on silica nanoparticles was put into a membrane reactor to remove approximately 66% of 
phenolic endocrine-disrupting chemicals from wastewater flowing at 78 L/h over a period of 45 days. 
The cost of this treatment was comparable to that of the activated carbon sorption and ozonation 
process (Gasser ef al., 2014). 

In another study, a 3,4-dioxygenase cleaving enzyme of Pseudomonas putida was successfully 
mounted on multi-walled carbon nanotubes (MWCNT) by Das et al. (2016) for the purpose of 
degrading the hazardous 3,4-dihydroxybenzoic acid (3,4-DHBA) pollutant prevalent in water. The 
enzyme-MWCNT NBH demonstrated a maximum 3,4-DHBA loading of 1060 ug/mg Benavente et al. 
(2018) prepared iron-enzyme NBHs by coating iron NPs with an aqueous solution of an enzyme called 
lipase B from Candida antarctica. The developed heterogeneous iron-enzyme NBHs catalyst degraded 
the p-aminophenol present in water in the presence of hydrogen peroxide at room temperature. Under 
the irradiation of visible light, Wang et al. (2018) prepared a NBH mat using algae, silver, and titanium 
oxide which efficiently removed chromium-VI from wastewater. Similarly, silver-enzyme NBHs were 
fabricated for the complete degradation of industrially relevant dyes, including direct, reductive, and 
acid dyes (Ahmed et al., 2016). The findings demonstrated that acid yellow 42, direct black 80, direct 
yellow 4, and direct red 23 were reduced to a degree that was exceeding 90%, whereas reduced red 
and reduced orange were decreased to a degree of about 70%. In another study, Uddandarao and Lens 
(2022) synthesized ZnS-Chemical NBHs and ZnS-Biological NBHs for the purpose of enhancing the 
elimination of methyl orange dye from wastewater. This was accomplished by chemical precipitation 
and biological sulfate reduction of Aspergillus niger cell-ZnS NBHs. ZnS-Chemical NBHs and ZnS- 
Biological NBHs degraded methyl orange at a removal efficiency of 97.5% and 98% within 90 min and 
60 min, respectively. 

On the surface of Phanerochaete chrysosporium cells, Qin et al. (2020) synthesized a ZnS 
nanoparticle layer which was used to remove lead and cadmium that were present in the water. When 
compared with P. chrysosporium cells, the results showed that the capacity of ZnS-cells NBH to 
adsorb Pb?- and Cd?-* was increased by 140% and 160%, respectively. It was found that the removal of 
heavy metals by a hybrid of ZnS and P. chrysosporium cells was mostly reliant on ion exchange of ZnS 
nanofilms as well as complexation by surface functional groups of the cells. The removal of nitrates 
from wastewater using Thiobacillus denitrificans-CdS NBH was studied by Chen et al. (2019). T. 
denitrificans- CdS successfully and completely degraded nitrates into nitrous oxide while maintaining 
its purity of more than 96.4 (+0.4) % in gaseous products. This newly discovered denitrification process 
has shown promising implications for the removal of nitrogen from wastewater in an economically 
viable manner. These findings have the potential to pave the way to develop novel NP-enzyme hybrids 
that can be used in this area in the near future (Palomo, 2021). 

In addition, NBHs materials have been used for the detection and biosensing of the presence of 
organic pollutants in water. These detectors and biosensors have been utilized to monitor the quality 
of the water supply and notify the appropriate authorities when levels of pollutants surpass acceptable 
levels (Ramesh et al., 2022). For instance, tyrosinase enzyme conjugation on a carbon nanotube 
(CNT) was used by Pérez-Lopez and Merkoci (2009) to develop CNT epoxy composite electrodes. In 
order to evaluate phenolic water contaminants like catechol, the authors compared the CNT-epoxy 
hybrid with a tyrosinase biosensor prepared from a graphite-epoxy composite. Higher signals were 
obtained from the CNT composite electrode, which reflects the superior electrocatalytic capabilities 
of CNTs to graphite sheets. With a 90% increase in signal, the CNT-based bio-composite responded 
better than graphite-based materials (Pérez-Lopez & Merkoci, 2009). Different enzymes can thus be 
immobilized on various matrices for the purpose of biosensing and detecting phenolic compounds, 
rather than eliminating them from water and wastewater (Table 11.3). 


11.3.2 Air pollution control 
Air pollution is one of the most pressing environmental issues that the world is confronting in the 
modern era as a result of the emission of harmful gases and particles into the atmosphere. These 
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emissions ultimately possess a detrimental effect on both human health and the ecosystem. Many 
countries have already implemented regulations to limit the total quantity of pollutants that can 
be discharged into the atmosphere in an effort to cut down the pollution level. In order to comply 
with these regulations, industries are often required to install air pollution control equipment, such 
as scrubbers and filters. Besides, various other norms such as emission standards for vehicles have 
also been implemented to control and improve the quality of air. Despite these numerous efforts, the 
quality of air particularly in developing countries does not seem to improve. Thus, it is necessary to 
look for alternative methods for air pollutant removal. 

NBHs have been investigated for their potential utility in air purification in addition to their application 
in water purification (Figure 11.1). Liu et al. (2016) designed a cobalt-Ralstonia eutropha NBH system 
to fix carbon dioxide (CO,) into liquid fuels and biomass. The designed NBH system demonstrated more 
than a 50% reduction in CO, emissions. In addition, when this NBH system was linked with a traditional 
solar system, it was discovered that the energy efficiency of the conventional system increased by more 
than 109/, resulting in an overall decrement in CO, emissions. In a similar manner, Wang et al. (2019) 
introduced a NBHs system consisting of cadmium nanoparticles on the surface of the photosynthetic 
Rhodopseudomonas palustris bacterium for the reduction of CO, emissions. The hybrid system provided 
an extensible and powerful platform for the reduction of carbon dioxide and the generation of valuable 
C,, chemicals by the R. palustris NBH via the process of solar-to-chemical conversion. In another 
study, Ding ef al. (2019) developed NBH by combining non-photosynthetic bacteria (Azotobacter 
vinelandii and Cupriavidus necator) with semiconductor NPs. These NBHs used air, carbon dioxide, 
and water as substrates in order to produce biofuels such as 2,5-butanediol, isopropanol, and hydrogen, 
as well as chemicals such as ammonia, formic acid, and ethylene. An inorganic-biological NBH system 
was reported by Sakimoto et al. (2016) through the process of bioprecipitation of cadmium NPs on 
the bacterium Moorella thermoacetica. The M. thermoacetica-Cd NBH exhibited a high capacity of 
producing acetic acid from carbon dioxide through the process of photosynthesis. 


11.3.3 Soil remediation 

Another advantage of using NBHs is their ability to remove pollutants from difficult-to-treat 
environments, such as contaminated soils. Researchers have focused on utilizing a number of NBH 
composites in the degradation and elimination of different types of pollutants from the soil (Figure 11.1). 
For example, Dai et al. (2011) focused on the degradation of polycyclic aromatic hydrocarbons (PAHs) 
from the soil. The NBH was fabricated with laccase-carrying electrospun fibrous membranes via 
emulsion electrospinning which showed 72.5%, 79.1%, 93.2%, and 95.1% removal efficiencies for 
the PAHs benzo[a]pyrene, benz[a]|anthracene, fluoranthene, and phenanthrene. In another study, 
Kuang et al. (2013) studied the degradation of phenolic compounds in soil using a NBH composite 
of Bacillus fusiformis (BFN) and nanoscale zero-valent iron (nZVI) and Ni/Fe nanoparticles (Ni/ 
Fe). Similarly, Singh et al. (2012) studied the degradation efficiency of the NBH system prepared 
using stabilized Pd/Fe? bimetallic nanoparticles (CMC-Pd/nFe?) and a strain of Sphingomonas sp. 
(NM05) on the gamma isomer of 1,2,5,4,5,6-hexachlorocyclohexane (y-HCH) present in the soil. The 
results revealed that the integration of these systems demonstrated a synergistic effect on the y-HCH 
degradation approximately two times higher than the system containing only NM05 or CMC-Pd/nFe?. 
In another study, Horváthová et al. (2018) highlighted that the combination of nZVI-initiated nano- 
bioremediation with the subsequent addition of bacterial strains O. anthropic, S. maltophilia, and A. 
xylosoxidans was found to be more efficient, resulting in an increase in polychlorinated biphenyls 
(PCB) degradation to 99%, 85%, and 75%, respectively. 

Although there have been some encouraging outcomes, additional research that systematically 
explores various NBH systems is necessary prior to the utilization of the nanoparticle/bioprocess 
for co-contaminated sites. Unfortunately, very few studies have been done so far on the remediation 
of co-contaminated soils using NBHs due to the complexity of this environmental component. The 
simultaneous remediation of heavy metals and organic contaminants is difficult because of the 
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distinct nature of the contaminants. Traditional remediation methods frequently cause soil damage, 
secondary pollution, and harm to flora and fauna. The NBHs, in contrast, have the potential to avoid 
secondary pollution and environmental risks associated with conventional remediation techniques. 
Thus, the use of NBH composites needs to be encouraged for their wider applicability in the removal 
of different persistent pollutants from the soil. 


11.4 ROLE OF NBHS IN RESOURCE RECOVERY 


NBHs have so far been extensively used in different types of pollution remediation. However, they 
can also be effectively utilized in a variety of ways for resource recovery. The application of NBHs 
in terms of resource recovery is thus far very limited despite possessing an immense potential for 
this, especially in the case of agricultural waste (Liang & Liang, 2025). Throughout the supply chain, 
agricultural waste streams contain valuable resources that can be recovered through the separation of 
nutrient-rich waste fractions and their subsequent use as fertilizer. This not only saves energy but also 
conserves valuable resources. By utilizing highly selective membranes, adsorbents, and paramagnetic 
materials, nanobiotechnology presents key opportunities for recovering nutrients not only within the 
agri-food value chain but also from various other sources such as wastewater, leachates, and runoff 
(Rahman et al., 2023). 

Another potential field of application of NBHs in terms of resource recovery includes the e-waste 
sector. These wastes can be considered as urban mines and secondary sources of numerous valuable 
metals and non-metals. Similarly, the nanoparticle-bacteria hybrids can be applied for resource 
recovery from food waste and sewage sludge. The valuable nutrients, such as nitrogen and phosphorus, 
from food waste and sewage sludge can be recovered using these NBHs, which can further help in 
reducing the costs associated with waste disposal and resource conservation (Chong et al., 2019). 

Recently, a photosensitized NBH system UUS-1/CdS has been created by Wang et al. (2025) to 
extract uranium from seawater using a whole-cell inorganic-biohybrid approach. The marine bacterial 
strain Bacillus velezensis UUS-1 was modified with the deposition of CdS nanoparticles to form the 
photosensitized biohybrid system UUS-1/CdS which allowed a cascade adsorption-photoreduction 
strategy to enhance uranium extraction (Figure 11.2). Other potent applications of NBHs in various 
fields of resource recovery are still incipient and thus much attention is needed in this field. NBHs 
derived from different sources need to be explored more with the capability to selectively extract and 
recover specific metals from different waste streams, making them more efficient and effective than 
traditional methods of resource recovery. 


11.5 LIMITATIONS AND CHALLENGES 


Synthesis of NBHs is an emerging field that combines nanotechnology and biotechnology in order to 
develop innovative materials with unique properties. In spite of this, there are still a great number of 
constraints and challenges associated with the development and implementation of these materials. 
The synthesis of NBHs poses several challenges due to the complex nature of biological systems and 
the intricacies of nanomaterials. One of the major challenges is achieving a controlled and reproducible 
nanoparticle synthesis, which requires precise control over the size, shape, and composition of the 
nanomaterials. In addition, the interaction between the biological components and the nanomaterials 
must be carefully optimized in order to ensure that they are compatible with one another. Another 
issue involves scaling up the usage of NBHs for practical and commercial applications, assuring 
the safety of the materials, and preserving the activity of the biological components throughout the 
synthesis process. It is possible that the nanoparticles may deteriorate with time or the biological 
material may become inactive, which will result in a reduced effectiveness of NBHs. 

NBHs are still relatively new materials; therefore, despite the fact that experiments conducted in 
the laboratory have demonstrated their potential, it is yet unknown how well they will perform when 


Nanobiohybrids for pollution control and resource recovery 203 


Figure 11.2 Cascaded enrichment mechanism of the photosensitized biohybrid system UUS-1/CdS for uranium 
extraction from seawater. Source: reprinted from : 


applied at larger scales. In addition, the current costs of nanomaterials and enzymes are rather high, 
which may pose substantial challenges to their widespread usage in many practical applications. 
The stability, robustness, and durability of the NBHs are three additional challenges that need to 
be addressed. To date, several studies have been conducted in order to demonstrate the cytotoxicity 
and ecotoxicity of nanomaterials, as well as their fate and mobility in the environment (Ra t al 

). These studies have reported that certain NPs that are used in the NBH system may leach inito 
the environment, which would be hazardous to human health and the environment. It is possible 
that incorporating NBHs into any application before the full extent of their potential hazards is 
understood could result in unforeseen negative consequences. Therefore, all the constraints and 
challenges must be overcome in order to realize the potential application of NBHs in a variety of 
different fields. 

To overcome these barriers, there is a need for further collaboration between research institutions, 
industry, the government, and other stakeholders. This is necessary to fully understand their potential 
and limitations, as well as to ensure their use in the environment is both safe and effective. In spite 
of these limitations and challenges, the potential benefits of NBHs make them an intriguing area of 
research with significant promise for future applications. 


The authors would like to take this opportunity to extend their appreciation to the Department of 
Environmental Science and Engineering, Indian Institute of Technology (Indian School of Mines, 
Dhanbad, India) for all the support they provided during the writing of this chapter. 
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ABSTRACT 

The rise in global industrialization, urbanization, and population growth has contributed to a significant increase 
in the production of large volumes of wastewater. The inadequate management of this valuable resource, rich in 
energy and minerals, has emerged as a worldwide concern. While conventional methods for treating wastewater are 
somewhat effective, they struggle to address persistent pollutants such as pesticides, textile dyes, pharmaceuticals, 
and personal care products. To tackle these challenges, there is a need for innovative solutions. Advanced oxidation 
processes (AOPs) present a promising alternative for breaking down these complex organic pollutants that are 
resistant to traditional chemical oxidants. Among these AOPs, photoelectrocatalysis (PEC) stands out because it 
not only effectively degrades pollutants, but it also offers the potential to harness energy from wastewater. This 
chapter discusses PEC, exploring its recent advancements, particularly focusing on the application of nanohybrids 
as photoelectrodes for enhancing wastewater treatment efficiency. 


Keywords: wastewater, photo electrochemistry, nanohybrids, treatment 


12.1 INTRODUCTION 


In the absence of effective waste management, the rise in industrialization and population density has 
led to the release of harmful pollutants and hazardous wastes in natural bodies such as soil, water, 
and air. In particular, there is serious water pollution as a result of toxic waste being released from 
different industries such as paper, coal, pharma, and textile (Vithalani & Bhatt, 2022). As a result, 
the water quality has worsened over the past few decades. Though there have been conventional 
methods used for the treatment of wastewater before its discharge to water bodies, they are however 
limited by their lower mineralization efficiency, high operational cost, infrastructure and extensive 
time requirement (Samiksha & Kerkar, 2020). Alternatively, advanced oxidation processes (AOPs), 
such as photocatalysis (PC), photoelectrocatalysis (PEC) and Fenton processes, can help to break 
down the recalcitrant pollutants not degraded by conventional oxidation processes. The efficiency of 
these approaches is highly dependent on the catalyst/material characteristics utilized to carry out the 
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degradation. Nanomaterials are one such promising class of materials highly used in AOPs due to their 
high surface-to-volume ratio, unique opto/electronic properties, and rich surface functionalities for 
the adsorption of specific pollutants (Kurian, 2021). Many times, certain metals and microorganisms, 
which cannot always be removed from water using conventional water treatment methods, are easily 
taken care of by nanomaterials (Fernandez-Ibanez et al., 2021). In this direction, several categories 
of nanomaterials such as metal nanostructures, carbon materials, oxide nanomaterials and their 
composites have been utilized as adsorbents or catalysts for wastewater treatment (Garcia-Segura & 
Brillas, 2017). 

Materials are generally combined together to have synergetic or improved properties and are 
classified in the category of nanohybrids or nanocomposites depending on the size of the components. 
Nanohybrids are a category of materials, which have two or more components in the nanoscale regime. 
As a result, they have improved mechanical qualities including tensile strength, elastic modulus, and 
fracture toughness; superior electrical conductivity; enhanced surface area and resultant properties for 
gas sorption, reactivity and catalytic activity; and many more. Thus, they have synergistic properties 
of the contributing components to achieve better performance. Their characteristics can be changed 
based on the composition, size, shape, and structure of the hybrid nanomaterial components (Joy et al., 
2018). A nanohybrid's structure and chemical makeup can be adjusted to provide particular optical 
qualities like increased absorption, fluorescence, or scattering. Nanocomposite, on the other hand, 
has nanomaterial added to a matrix such as a polymer, wherein the organic/inorganic hybrid tends to 
have better optical, thermal, and mechanical properties than their native matrix organic base. Due to 
the synergy of the qualities from each of the components combined into a single material, nanohybrids 
and nanocomposites have attracted interest in a variety of disciplines including wastewater treatment 
via PC and PEC (Zia & Riaz, 2021). 

In particular, PEC in wastewater not only offers its treatment but also generates energy in the 
form of clean hydrogen in the process (Jakubow-Piotrowska ef al., 2022) Thus, solar energy can be 
captured in the form of chemical bonds, that is H,, via the process called ‘water-splitting’ (WS) (Abe, 
2011). Fujishima and Honda were the first to demonstrate WS using TiO, photoelectrodes to produce 
hydrogen and oxygen in a PEC cell (Abe, 2011). The PEC technique combines the benefits of PC and 
electrochemical methods, thus it has been recognized as a highly effective approach for wastewater 
treatment (Niu et al., 2020). PEC reactions are essentially interfacial processes where contaminants are 
first diffusely deposited on the photoelectrode surface and then the catalytic oxidation reaction occurs 
immediately. The three main factors that affect PEC efficiency are light absorption efficiency (abs), 
interfacial charge injection (inj) and charge separation efficiency (sep) of the photo electrocatalyst. 
Therefore, creating an effective photoelectrode material with high nas, 7,,,, and Minj is of research 
interest in the catalysis community. Thus, this chapter has discussed the fundamentals of PEC with 
a focus on the wastewater environment. A section is dedicated to nanohybrid electrodes for PEC 
wastewater treatment, with further discussion on future directions. 


12.2 PEC IN WASTEWATER TREATMENT 


12.2.1 Principle of photoelectrocatalysis 

A PEC system uses a photoelectrode or a photocatalyst, which is generally a semiconductor material 
that produces electrons and holes on exposure to light. These photoexcited electrons and holes further 
produce reactive oxygen species (ROS) and subsequently interact with water and organic contaminants 
to break them down into non-harmful compounds. PEC combines PC and electrocatalysis by 
transferring photoexcited electrons from the photocatalyst surface under external bias. Nanohybrids 
owing to the synergistic effects of the two nanomaterials can increase the effectiveness of PEC 
(McMichael et al., 2021). For example, metal nanoparticles can function as an electron sink to increase 
the efficiency of semiconductor electrodes in a metal/semiconductor nanohybrid such as Pt/TiO, or 
Ag/TiO, by enabling better charge transport, separation and utilization in the PEC process. 
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12.2.2 PEC process 
In general, the following processes occur at a photoelectrode surface in a PEC system for wastewater 
treatment: 


(a) Photon absorption: Photocatalyst generates electron-hole pairs upon the absorption of incident 
light. 

(b) Charge separation: The photocatalyst's internal electric field separates the photo-excited 
electrons and holes. While the holes remain in the valence band, the electrons are moved to 
the conduction band. 

(c) Redox reaction: Water and organic contaminants react with the photoexcited electrons and 
holes to form ROS (O,*, OH-, OH*), which further mineralizes the pollutants to non-harmful 
compounds such as CO, and HO. 

(d) Charges recombination: The photoexcited charge carrier can recombine if not well separated 
leading to poor degradation efficiency (Pahra et al., 2022). 


Thus, to control the above processes, several tactics, including the use of nanohybrids, optimization 
of the photocatalyst shape and structure, and adjustment of the reaction conditions can be used 
to increase the efficiency of PEC degradation. Nanohybrids can allow for achieving higher surface 
area for adsorption along with higher electron transfer and separation efficiency, which in turn can 
enhance PEC efficiency. 


12.2.3 PEC systems 

In general, in a PEC process, reduction happens at the cathode while oxidation happens at the anode. 
Accordingly, the photoelectrode can be designed to act as either a hydrogen evolution reaction (HER) 
catalyst or an oxygen evolution reaction (OER) catalyst (Singh et al., 2025). When a photoelectrode is 
used as an HER catalyst as shown in Figure 12.1, the electrons at the electrode/electrolyte interface 
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Figure 12.1 Photoelectrochemical mechanism of dye degradation by a p-type photocathode and counter electrode. 
For explanation of symbols, see text. 
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reduce water to generate H,. While the holes participate in the oxidation process at the counter 
electrode, that is graphite. In general, a p-type semiconductor is used as a photoelectrode in a PEC- 
HER system. 


12.2.3.1 p-Type semiconductors 

In p-type semiconductors, the Fermi level (Ep) is near the valence band (VB), with the majority of 
charge carriers as holes. Under illumination, at the electrode-electrolyte junction, the electrons are 
transferred to the conduction band (CB) of the photocathode to majorly participate in the hydrogen 
generation. At the equilibrium, the negative charges are accumulated on the space charge region (SCR), 
also known as the depletion region, as a result of the formation of a downward band bending at the 
interface. The holes that are present in the VB of the photocathode form the ROS which can further 
degrade the organic pollutants. Pollutants oxidation and OER takes place on the counter electrode 
due to the presence of hydroxyl ion and superoxide radicals in the electrolyte. The above-discussed 
pathway of the PEC-HER reaction in wastewater is defined as: (1) photon absorption, (2) exciton 
formation, (3) electron transfer to an electron acceptor A A-, (4) oxygen reduction to water, (5) proton 
reduction to hydrogen, (6) reduction of O, into superoxide (O, ), (7) H2O, formation, (8) hydroxyl ion 
(OH) formation, (9) dye sensitization, (10) donor e-transport D — D-, (11) water oxidation in the form 
of OH- and (12) oxidation of water (McMichael et al., 2021). 


12.2.3.2 n-Type semiconductor 

An n-type semiconductor is used in a PEC-OER system as shown in Figure 12.2. The Fermi level is 
near the CB in an n-type semiconductor. When the light is illuminated at the electrode-electrolyte 
junction, electrons are transported to the solution, positive charges begin to build up on the space 
charge region (SCR) at equilibrium. This region is called the depletion region and as a result the 
formation of an upward band bending at the interface. The degradation of the organic pollutants and 
OER takes place on the photoanode due to the presence of hydroxyl ions in the electrolyte, and the 
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Figure 12.2 PEC-OER utilizing n-type photoanode in a wastewater system. For explanation of symbols, see text. 
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electrons are externally biased to participate in HER at the cathode. The pathway of the reaction is 
further defined in the form of steps as: (1) photon absorption, (2) exciton generation, (3) few electron 
transfer to an electron acceptor, (4) reduction of O, into superoxide, (5) creation of H,O,, (6) creation 
of OH, (7) proton reduction to hydrogen, (8) donor e-transport, (9) water oxidation in form of OH, (10) 
OER and (11) dye sensitization (McMichael et al., 2021). 


12.3 NANOHYBRIDS IN PEC WASTEWATER TREATMENT 


12.3.1 Synthesis strategies 

Nanohybrids are made up of two or more different kinds of nanomaterials that work together to form 
a hybrid substance with distinct features. They are frequently utilized as photocatalysts in PEC water 
splitting to increase the reaction's effectiveness. Figure 12.5 lists various categories of materials used 
as nanohybrid in PEC wastewater splitting. The form, size, and surface area of the nanohybrids all 
impact the material choice and synthesis technique (Singh ef al., 2023). They can be synthesized by 
various routes such as hydrothermal, co-precipitation, and sol-gel, as discussed below: 


(a) Co-precipitation technique: In this technique, a single solution is used to precipitate several 
nanoparticles at once. The resulting nanohybrids have a consistent structure and content. For 
example, co-precipitation has been used to create TiO,-Au nanohybrids (Singh et al., 2025). 

(b) Deposition-precipitation method: The deposition-precipitation approach involves utilizing 
a reducing chemical to deposit one type of nanoparticle onto the surface of another type 
of nanoparticle. The final nanohybrids feature a core-shell structure, with the deposited 
nanoparticle serving as the shell. CdS-Au nanohybrids, for instance, have been created 
utilizing the deposition-precipitation technique (Tada et al., 2018). 

(c) Sol-gel: In this technique, metal alkoxides are hydrolyzed in a solution to create nanoparticles. 
To make the nanohybrids, the resultant nanoparticles are then mixed. The sol-gel technique 
enables fine control of the nanohybrids’ shape and content. The sol-gel approach has been 
used frequently to create TiO;-ZnO nanohybrids (Ali et al., 2021). 
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Figure 12.3 Factors affecting the wastewater treatment efficiency of PEC. 
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(d) 
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Electrodeposition: In this technique, an electric field is used to electrodeposit one type of 
nanoparticle onto the surface of another type of nanoparticle. The final nanohybrids feature a 
core-shell structure, with the electrodeposited nanoparticle serving as the shell. This approach 
has been widely adopted in the synthesis of metal/oxide hybrids such as TiO,-Au nanohybrids 
(Endródi et al., 2018). 

Hydrothermal: The hydrothermal approach involves creating nanoparticles in a solution at a 
high temperature and high pressure. To make the nanohybrids, the associated salt solutions 
are mixed and subjected to high-temperature conditions. Using the hydrothermal process, it 
is possible to create nanohybrids with special qualities including a large surface area and a 
crystalline structure. Hydrothermal synthesis is frequently used in the synthesis of oxides and 
their hetero structures such as TiO;/NiO nanohybrids (Zhao et al., 2020). 


The overall choice of synthesis procedure relies on the desired features of the nanohybrids to 
design an efficient photoelectrode. 


12.3.2 Parameter optimization 
Several factors, such as the nanohybrid's composition, shape, pH, light intensity, electrode material, 
pollutant concentration, and supporting electrolyte, can affect how effective PEC employing 
nanohybrids is. The effectiveness of PEC as a technique for the degradation of organic contaminants 
in wastewater can be improved by optimizing these parameters (Fernandez-ibanez et al., 2021). 

The effectiveness of PEC can be further impacted by several operational factors discussed below: 


(a) 


Nanohybrid composition: Properties of nanohybrids, such as the bandgap, surface area, and 
electron transfer efficiency, can be influenced by their composition. The efficiency of PEC can be 
impacted by the choice of materials and their ratios. Singla et al. (2025) reported a nanohybrid 
photoanode BiVO,/MoSe, with a 5:1 composition. They found a 91.9% degradation efficiency 
along with 5.59 mmol/cm? hydrogen evolution rate (Singla et al., 2025). 

Morphology of nanohybrids: Properties of nanohybrids, such as surface area and electron 
transfer efficiency, can be influenced by their morphology. Nanoparticles' light-scattering and 
absorption characteristics can be influenced by their size, shape, and composition. It has been 
well discovered that nanorods are more effective than nanoparticles in PEC (Fernandez-ibanez 
et al., 2021). 

pH: The surface charge and reactivity of the nanohybrids can be impacted by the pH of the 
fluid. Depending on the materials employed, a different pH may be required for PEC employing 
nanohybrids. Tayyebi et al. (2018) reported that the monoclinic bismuth vanadate (c-BVO), 
which is synthesized via solvothermal calcination of tetrahedral BiVO,. They have investigated 
the MB dye degradation and PEC results at different pH. They found the PEC photocurrent 
density and degradation both were affected by the pH (Tayyebi et al., 2018). In another study, 
TiO,-Au nanohybrids showed good PEC results in an acidic medium (Joy et al., 2018). 

Light intensity: By affecting the number of photoexcited electrons produced by the 
photocatalyst, the light intensity can have an impact on PEC's efficiency. Depending on the 
materials employed and the light's wavelength, different materials will respond to light at 
different intensities during PEC (Joy et al., 2018). 

Electrode material: By affecting the electron transfer efficiency, the choice of electrode material 
can impact PEC efficiency. Due to their high electron transfer efficiency, noble metals like gold 
and platinum are frequently utilized as electrode materials (Joy et al., 2018). 

Pollutant concentration: The effectiveness of PEC might be impacted by the concentration 
of contaminants present in the effluent. The saturation of the active sites on the nanohybrids 
and higher pollutant concentrations can cause PEC's efficiency to decline (Fernandez-ibanez 
et al., 2021). 
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(g Supporting electrolyte: By affecting the solution's conductivity and the stability of the 


nanohybrids, the choice of supporting electrolyte can have an impact on PEC’s effectiveness. 
NaCl and KCI are two often utilized supportive electrolytes (Joy et al., 2018). 


12.4 PEC-HER/OER FOR WASTE WATER TREATMENT WITH NANOHYBRIDS 


12.4.1 Nanohybrid categorization 
Nanohybrids used in PEC can be broadly categorized into different types of nanohybrids (Figure 12.4): 


(a) 


Metal oxide-semiconductor nanohybrids, having a semiconductor metal oxide, such as zinc 
oxide (ZnO), or iron oxide (Fe;O;) combined with another semiconductor metal oxide, for 
example, titanium dioxide (TiO;). The heterostructure helps in efficient charge transfer and 
separation (Kumar & Rao, 2016). 

Carbon-based nanohybrids, which consist of a semiconductor linked with a carbon-based 
substance, such as graphene or carbon nanotubes to facilitate the charge transport, increase 
semiconductor's electrical conductivity and stability (Dutta et al., 2022). 
Metal-semiconductor nanohybrids, which include Au or Si. The metal aids in enhancing the 
semiconductor's capacity to separate charges and absorb light (Zhang et al., 2018). 

Quantum dot-semiconductor nanohybrids, for example PbS or PbSe quantum dots interfaced 
with semiconductors like CdS or CdSe. The quantum dot aids in enhancing the semiconductor's 
capacity to absorb light (Mansur, 2010). 

Organic-inorganic nanohybrids, for example, a polymer, are combined with an inorganic 
substance, like a metal oxide or semiconductor, to form organic-inorganic nanohybrids. The 
stability and compatibility of the inorganic material are both enhanced by the organic material 
(Saveleva et al., 2019). 


12.4.2 Types of wastewater used 

The nanohybrids listed above not only allow efficient degradation of wastewater pollutants, but also 
channel energy generation in a dual PEC system. These nanohybrids have been designed as photoanodes 
or photocathodes and are shown for the treatment of wastewater containing pharmaceuticals (diclofenac, 
sulfamethoxazole, norfloxacin, and tetracycline), dyes (reactive red, methyl orange, methyl blue, methylene 
blue, rhodamine B, and titan yellow), phenolics, and other organic contaminants in a PEC system for a 
variety of wastewater types, including municipal, industrial, and agriculture (Singh et al., 2020). 
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Figure 12.4 Nanohybrid material for PEC wastewater splitting. 
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TiO,-Au nanohybrids have been employed in a PEC process for phenolic compound degradation of 
up to 90% (Qian et al., 2020). Likewise, ZnO-Au and CdS-Pt nano hybrids are reported to degrade 
methylene blue and atrazine in textile effluent and agricultural wastewater, respectively. A Ni-TiO, 
photoanode is reported for the highest degree removal efficiency of acid red of 88% up to 97% under 
external bias 1.6 V (Ebrahim et al., 2015). Bharath et al. (2021) reported a metal-semiconductor 
Au-WS, photoanode effectively put together to remove phenol and oxidize harmful As(III) into non- 
toxic As(V) under sunlight. The study reports Au-WS, photoanode with an oxidation efficiency of 
99% for phenol and 95% for As(III) (Bharath et al., 2021). To summarize, the metal/oxide hybrids 
take synergetic benefits of metal nanoparticles and semiconductor oxide properties, wherein the Au, 
Pt, and Ni act as an electron sink. Noble metal nanostructures such as Au, Ag, and Cu further help 
in enhanced light absorption due to their plasmonic properties. To further improve the degradation 
efficiency, researchers have also synthesized ternary hybrids. For example, Li ef al. (2015) reported 
an n-ZnO/p-Cu;O/n-Titanium nanotube array ternary heterojunction for tetracycline degradation 
to 85%. Two-dimensional materials have also been seen as a promising support matrix for the 
semiconductor oxides, nitrides, and sulfides to channel the charge separation in PEC. Reddy ef al. 
(2023) hydrothermally synthesized a ZnIn;S,/g-C4N, nanohybrid and demonstrated it for antibiotics 
degradation from wastewater up to 89.4% in 2 h. The system could also achieve a higher photocurrent 
density of 8.68 mA/cm? (Reddy et al., 2025). 

Another strategy of heterostructuring different oxide semiconductors has been successfully used 
in nanohybrids to achieve higher charge separation and thus degradation efficiency. Malathi et al. 
(2017) synthesized BiFeWO, doped bismuth oxyiodide (BiOI) nanocomposites using a facile one-step 
wet impregnation method. For an optimized 1% BiFeWO,/BiOI nanohybrid, they could achieve RhB 
degradation of up to 92% in 90 min (Malathi et al., 2017). Similarly, a hydrothermally synthesized 
NiFe;O,-ZnWO, nanohybrid exhibited a higher Cr(VI) reduction (93.5%) and removal of tetracycline 
(97.9%) and methylene blue (99.6%) over pristine NiFe;O, and ZnWO, (Koutavarapu et al., 2022). 
An organic-inorganic nanohybrid system based on poly (diphenylbutadiyne) (PDPB) and ZnO was 
shown to have 8.1 times enhanced photocurrent density compared to bare PDPB nano-fibers and 
also achieved a higher reduction of Cr ion (Ghosh et al., 2018). Metal oxide semiconductor-based 
photo anodes, that is, F-doped BiVO,@NiFe-LDH showed 86% degradation of tetracycline dye 
within 2 h along with achieving a high photocurrent density of 2.67 mA/cm? at 1.25 V versus RHE 
(Cong et aL, 2022). Furthermore, the change in the shape and morphology of oxides is found to 
enhance the PEC performance of nanohybrids. For instance, blue-TiO, nanotube (TNTs) arrays were 
found to achieve a photocurrent density of 5.7 mA/cm?, which is four times higher than bare TNTs 
along with the removal of 4-chlorophenol (CP) 45% in 2 h and 38% TOC removal in 2 h (Koo et al., 
2017). In another work, a TiO,-graphitic anode nanocomposite, synthesized by the sol-gel method, 
showed the complete mineralization of several drugs within 6 h of PEC, as evidenced by 90% reduced 
COD (Guo et al., 2015). On a similar approach, several other hybrid photoanodes such as Au/TiO,, 
Fe;O;/TiO,, Cu;O/TiO,, and WO;/TiO, have been used in PEC for degradation of MB, RhB, 2,4,6- 
trichlorophenol and have shown 40.3%, 92.3%, 99.9%, and 98%, removal efficiencies, respectively 
(Peleyeju & Arotiba, 2018). 

Likewise, carbon-based hybrids such as TiO,/gC,;N, photoanodes, synthesized by surface 
hybridization and dip coating, have been used for the degradation of phenol in wastewater. The 
removal efficiency is quantified by the reduction in TOC as high as 100% in 1.5 h (Wei et al., 2017). The 
carbon heterostructures based on graphitic quantum dots with semiconductor oxide like g-C;N,QDs/ 
TiO, photoanodes hybrid are reported in the PEC degradation of phenol up to 98.6% (Sun et al., 2017). 


12.5 CONCLUSIONS 


Nanohybrids exhibit strong potential as viable contenders for enhancing the effectiveness of 
photoelectrochemical (PEC) wastewater treatment, owing to their heightened attributes and excellent 
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capabilities in pollutant degradation. The synergistic interplay among diverse constituents within 
nanohybrids substantially bolsters the water treatment efficiency of PEC systems. However, there 
remain several challenges that necessitate resolution prior to their broad adoption. Chief among these 
concerns is the elevated cost associated with their synthesis and the intricate procedures involved, 
posing a barrier to their scalability. Additionally, there is a scarcity of comprehensive research 
addressing their long-term viability, stability, and durability when subjected to PEC conditions 
within a wastewater environment. Consequently, a more expansive array of studies is imperative to 
unravel their behavior and mechanism, enabling the formulation of enduring nanohybrids and the 
enhancement of their performance for widespread utilization in industrial applications. 
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